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Abstract

Human immunodeficiency virus type 1 (HIV-1) group M is responsible for the current AIDS pandemic and
exhibits exceedingly high levels of viral genetic diversity around the world, necessitating categorization of viruses
into distinct lineages, or subtypes. These subtypes can differ by around 35% in the envelope (Env) glycoproteins
of the virus, which are displayed on the surface of the virion and are targets for both neutralizing antibody and
cell-mediated immune responses. This diversity reflects the remarkable ability of the virus to adapt to selective
pressures, the bulk of which is applied by the host immune response, and represents a serious obstacle for
developing an effective vaccine with broad coverage. Thus, it is important to understand the underlying bio-
logical consequences of intersubtype diversity. Recent studies have revealed that some of the HIV-1 subtypes
exhibit phenotypic differences stemming from subtle changes in Env structure, particularly within the highly
immunogenic V3 domain, which participates directly in viral entry. This review will therefore explore current
research that describes subtype differences in Env at the genetic and phenotypic level, focusing in particular on
V3, and highlighting recent discoveries about the unique features of subtype C Env, which is the most globally
prevalent subtype.

Introduction

For 2007, the UNAIDS organization estimated that 33.2
million people were living with HIV worldwide, includ-

ing 2.5 million new infections and 2.1 million AIDS deaths in
that year alone, underscoring the profound nature of the
global HIV pandemic.1 One unexpected challenge that has
arisen from the HIV pandemic is the incredible amount of
viral genetic diversity, which is generated through an error-
prone viral-encoded polymerase,2,3 high levels of persistent
virus replication,4,5 and frequent genomic recombination
events6 that allow the virus to rapidly adapt to changing se-
lective pressures. Viruses of the HIV-1 group M lineage are
responsible for the current global pandemic,7,8 and the last
common ancestor for group M HIV-1 was dated to the early
twentieth century.9 Based on the phylogenetic characteriza-
tion of HIV-1 sequences recovered from frozen specimens in
west-central Africa, divergent HIV-1 subtypes were already

circulating in this region by the 1960s.10,11 The cumulative
genetic variability of HIV-1 is managed on paper by classi-
fying viral sequences into one of 13 currently recognized
subtypes or subsubtypes (A1–A4, B, C, D, F1–F2, G, H, J, K) or
43 circulating recombinant forms.12 As of 2004, HIV-1 subtype
A, C, and D accounted for 65% of worldwide HIV-1 infections,
with subtype C alone being responsible for half of all global
infections.13 However, due to the prominence of subtype B
HIV-1 in North America and Europe, these viruses have his-
torically been most thoroughly characterized.12,13 Thus, much
of our understanding of HIV-1 has been based on subtype B,
although recent studies continue to reveal evidence that the
viral subtypes have different phenotypic properties, such as
coreceptor utilization,14–29 in vitro replication fitness,30,31 rate
of disease progression,32–35 biology of transmission,36–38 anti-
genicity,

39–41

genital shedding,42 and mutational patterns.43–48

For a summary of biological properties that differ between
subtypes B and C, refer to Table 1.
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Most of these differences reflect variability in the env gene,
which encodes the envelope (Env) surface glycoprotein 120
(gp120) and transmembrane glycoprotein 41 (gp41).49 To-
gether, these Env proteins form a complex that protrudes
from the virion surface as a trimer. Much of what is currently
known about the conformation of gp120 is based on crystal
structures of the truncated, deglycosylated, CD4-liganded
subtype B protein core or the truncated, glycosylated,
unliganded core of simian immunodeficiency virus (SIV).50–52

Structures of CD4-liganded, truncated gp120 with an intact,
antibody bound V3 domain53 and a truncated gp120 bound
to monoclonal antibody b12, which recognizes a neutralizing
epitope overlapping the CD4 binding site, also have been
recently deduced.54 In all of these structures, the outer domain
of gp120 appears to be similar; however, the inner domain
undergoes significant conformational change upon binding to
CD4, as reflected by its relative flexibility as compared to the
outer domain (Fig. 1). The structure and position of the V1 and
V2 ‘‘hypervariable’’ domains contained within gp120 have
been difficult to determine because of their conformational
flexibility. Even when the conformations of other hypervari-
able loops have been determined (V3 and V4), they may have
been stabilized by crystalline contacts or bound antibodies. It
is, therefore, not fully understood how these variable domains
might influence the overall conformation of the native Env
protein in the context of the functional trimer. The Env glyco-
proteins can exhibit 35% amino acid diversity between sub-
types and 20% within a subtype, with most of the genetic
variation occurring in gp120.55 This level of diversity could
lead to subtle but important structural differences in Env
across subtypes.39,47,56,57 To investigate these differences,
structural homology models of gp120 can be generated from
the X-ray structures of subtype B gp120 using the consensus
or specific sequences of other subtypes. Even though these
models can be used to provide structural insights about the
outer domain, the lack of N-linked glycosylation, absence of
accurate information on the position of the loop domains, and
the conformational fluidity of the inner domain limit their
utility.

This review will explore current research that describes
subtype variation in Env at the genetic, phenotypic, and struc-
tural level, highlighting recent discoveries about the unique
features of subtype C Env. Studies of the third hypervariable
domain (V3) of gp120 will be emphasized because of the
importance of this domain in viral entry, eliciting antibodies,
and the plethora of available sequence data from this region.
Understanding how and why Env regions differ between
subtypes is necessary to tackle the genetic diversity of HIV-1
in vaccine design and treatment.12

Mutational patterns in Env across subtypes

Env is a target for both cell-mediated and humoral immune
responses during HIV-1 infection, and much of the sequence
evolution that occurs is thought to be in response to im-
mune pressure.57–64 The pattern of adaptive evolution in the
env gene was examined recently by Choisy et al.44 who per-
formed pairwise comparisons of the most prominent HIV-1
group M subtypes using representative sequences from the
Los Alamos HIV Database (www.hiv.lanl.gov). The positions
in Env that reflected positive selection (an increase in the
frequency of an advantageous residue, leading to sequence

T
a

b
l

e
1.

C
o

m
p

a
r

i
s
o

n
o

f
S

u
b

t
y

p
e

B
a

n
d

C
B

i
o

l
o

g
i
c

a
l

P
r

o
p

e
r

t
i
e

s

In
tr

ac
la

d
e

h
et

er
ol

og
ou

s
br

ea
d
th

of
se

ra
In

te
rc

la
d
e

h
et

er
ol

og
ou

s
br

ea
d
th

of
se

ra
B

re
ad

th
of

m
A

b
ac

ti
v
it

y

S
u

bt
y
p
e

E
ar

ly

au
to

lo
g
ou

s

N
ab

p
ot

en
cy

E
ar

ly

in
fe

ct
io

n

C
h
ro

n
ic

in
fe

ct
io

n

P
oo

le
d

p
la

sm
a

E
ar

ly

in
fe

ct
io

n

C
h
ro

n
ic

in
fe

ct
io

n

P
oo

le
d

p
la

sm
a

b1
2

2
F

5
2
G

1
2

4
E

1
0

H
y
p
er

v
ar

ia
bl

e

d
om

ai
n

le
n

g
th

C
or

ec
ep

to
r

u
sa

g
e

B
M

o
d

er
at

e–

H
ig

h
4

0
,6

1
,6

3
,1

1
5

,1
2

5
,1

2
6

L
o

w
–

m
o

d
er

at
e4

0
,1

1
5

L
o

w
–

m
o

d
er

at
e8

7
,1

2
5

M
o

d
er

at
e–

h
ig

h
8

7
,1

1
8

L
o

w
1

0
7

L
o

w
8

7
,1

1
8

B
ro

ad
7

7
,8

6
,8

7
B

ro
ad

7
7

,8
6

,8
7

B
ro

ad
7

7
,8

6
,8

7
B

ro
ad

7
7

,8
6

,8
7

L
o

n
g

er
4

0
,5

6
,8

8
R

5,
b

u
t

50
%

X
4

in
la

te

in
fe

ct
io

n
8

3
,1

0
4

–
1

0
6

C
H

ig
h

4
0

,8
9

,1
0

7
L

o
w

4
0

,8
9

,1
0

7
,1

1
9

M
o

d
er

at
e–

h
ig

h
8

8
,8

9

V
er

y
h

ig
h

8
8

,1
1

8
L

o
w

1
0

7
H

ig
h

8
8

,1
1

8
M

o
d

er
at

e7
7

,8
8

,1
2

0
N

o
n

e7
7

,8
8

,1
2

0
N

o
n

e7
7

,8
8

,1
2

0
B

ro
ad

7
7

,8
8

,1
2

0
S

h
o

rt
er

4
0

,5
6

,8
8

M
ai

n
ly

R
5

ev
en

in

la
te

r
st

ag
e

o
f

in
fe

ct
io

n
1

6
–

1
9

,2
7

,2
8

,1
0

7
–

1
0

9

238 LYNCH ET AL.



diversity and greater fitness) were similar between subtypes
A, B, C, and D, suggesting that these viruses are exposed to
analogous selective pressures in the infected host. However,
the magnitude of selection at these positions was statistically
different when subtype B was compared with A or C, indi-
cating that there are discrete features of immune pressure

and=or adaptive evolution between subtypes. Patterns of se-
lective pressure were more fully explored in a study by
Travers et al.43 using full-length env sequences deemed rep-
resentative of the diversity present in each group M HIV-1
subtype (A, B, C, D, F1, F2, G, H, J, and K). In that study, each
subtype was systematically compared to the rest of the group

FIG. 1. Atomic fluctuations in gp120. Backbone flexibility of the YU2 gp120 molecule was calculated from long time scale
equilibrium molecular dynamics simulations. These all atom simulations were carried out with gp120 solvated in explicit
solvent molecules. The calculated B-factors correspond to backbone atomic fluctuations and are graphically mapped on an
arbitrary structure of a liganded gp120 with modeled loops using a color gradient. The red to blue indicates small to large
atomistic fluctuations (rigid to flexible) in the backbone of the structure. The outer domain is relatively more rigid than the
inner domain, while the loop regions are also more flexible than the core. Even though the starting conformation of gp120
corresponds to that of the CD4-liganded structure, the CD4 molecule was not included in the calculations. Despite the
incomplete sampling of the gp120 conformational space, significant flexibility is observed in the inner domain, some of which
is associated with the relief of the conformational constraints induced by binding to CD4.
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M subtypes. Using this approach, two residues in subtype C,
two residues in subtype F1, and three residues in subtype G
were identified as undergoing positive selection (defined
above) in that particular subtype while undergoing purifying
selection (decrease in the frequency of a deleterious residue,
leading to sequence conservation and maintenance of fitness)
in all other subtypes. Conversely, six residues in subtype A
and 45 in subtype K were found to have undergone purifying
selection while being under positive selection in all other
subtypes.43 It is interesting to note that these residues oc-
curred throughout the entire gp160 coding region, which in-
cludes gp120 and gp41. These findings suggest that the
adaptive pressures that have shaped Env in each lineage are
distinct, and this may have formed the basis for conforma-
tional differences in Env between subtypes.

Mutational patterns in gp41 across subtypes

According to HXB2 numbering, gp41 encompasses resi-
dues 512–856 in gp160. It contains heptad repeat regions 1 and
2 (HR1 and HR2), which reside in the ectodomain portion of
gp41 (external to the viral membrane), and form a six helix
bundle that facilitates entry of the virus into the target cell
after gp120 binding to receptor molecules and insertion of
the fusion peptide into the target cell membrane.49 The FDA-
approved fusion inhibitor enfuvirtide targets the interaction
between HR1 and HR2. Resistance to this drug has been
shown to involve mainly mutations within a specific subre-
gion of HR1 (amino acids 36 to 45),65 but can be influenced by
residues in HR2,66 leading to increased interest in sequence
variation across subtypes in this region. HR2 is typically more
variable than HR1 across subtypes,67,68 but subtype-specific
patterns of sequence polymorphism have been demonstrated
in both regions,67,69 suggesting that selection pressures could
differ between subtypes. Expanding upon this finding, Raz-
zolini et al. studied amino acid sequence polymorphisms in
gp41 from 102 subtype B and 95 non-subtype B enfuvirtide-
naive HIV-1-infected Italian patients.70 Examination of the
degree of amino acid conservation between the four best-
represented subtypes (B, C, F1 and CRF02_AG), revealed dif-
ferences in gp41 conservation levels, with the majority of
polymorphisms occurring within HR2. These data are further
supported by the work of Eshleman et al. who sequenced the
HR1 and HR2 regions of 126 HIV-1-infected patients from
around the world representing at least nine different subtypes
and CRFs (A=A2, B, C, D, F, G, CRF01_AE, CRF02_AG, and
other recombinant forms).71 In the HR1 region, 19 polymor-
phisms were found to occur infrequently and generally in-
volved the same amino acid substitution. In HR2, however, 8
out the 15 polymorphisms detected occurred in most of the
nine subtypes examined, but the amino acids accounting for
these polymorphisms varied between subtypes. These data
indicate that HR2 is more variable than HR1 across subtypes,
and that there are subtype-specific patterns of mutation in
these regions. However, the majority of these polymorphisms
are not predicted to engender primary enfuvirtide resistance.
Indeed, viruses from most subtypes are susceptible to en-
fuvirtide in vitro.68,72–74 Thus, substantial differences in en-
fuvirtide susceptibility in the clinic would not be expected
based on viral subtype.

A region in gp41 with relevance to vaccine design is located
where the ectodomain meets the viral membrane, known as

the membrane proximal external region (MPER). This re-
gion contains epitopes that are recognized by some patient
sera.75,76,76a The epitopes of two monoclonal antibodies that
target this region and have broad neutralization activity
against subtype B viruses have been characterized.78,79 2F5
recognizes the motif DKW; however many non-B subtypes,
including subtypes C and D, contain a substitution in this
region and are therefore not susceptible to neutralization.77

Interestingly, the presence of DKW was not always sufficient
for neutralization by 2F5. Monoclonal antibody 4E10 requires
the epitope WFXI, and unlike the 2F5 epitope, this sequence is
well conserved across subtypes and recombinant forms.77

4E10-resistant virus was recovered from a subtype C-infected
patient that had neutralization activity against the MPER, and
this was attributed to a substitution in the epitope (F to L) as
well as changes in the gp41 cytoplasmic tail.75 Thus, subtype-
specific differences in the MPER could limit the utility of this
region for vaccine design.

Mutational patterns in V3 across subtypes

The third hypervariable domain (V3) of HIV-1 gp120 is
a cysteine-bounded loop structure usually composed of 35
amino acids (Fig. 2), traditionally categorized as the base (resi-
dues 1–8 and 25–35; Fig. 2, underlined residues), stem (resi-
dues 9–14 and 18–24), and turn (residues 15–17) regions. Of the
five gp120 hypervariable domains, V3 is relatively conserved
and does not exhibit the dramatic insertions, deletions, and
shifts in glycosylation that are characteristic of other domains,
perhaps because V3 participates directly in coreceptor bind-
ing.80–82 V3 has long been a target of interest for entry-based
inhibitors because of its critical role in defining the specificity
of Env interaction with cellular coreceptor molecules, usually
CCR5 or CXCR4, to facilitate entry into target cells. Coreceptor
specificity may also be important for viral transmission, since
CCR5-utilizing viruses are frequently (but not always) present
during acute=early HIV-1 infection.29,83–88 V3 is also highly
immunogenic for eliciting antibodies in infected patients89,90

and following immunization of animals.91–93

V3 has traditionally been considered a hypervariable do-
main, based mostly on examination of subtype B sequences.
However, the entropy exhibited by the V3 loop of CCR5 uti-
lizing subtype B viruses is more similar to the conserved re-
gions of gp120 than to the other hypervariable domains V1V2,
V4, and V5.53 An even lower level of sequence variation has
been reported for subtype C V3 in studies using sequences
deposited in the Los Alamos HIV Database. When V3 and its
flanking regions were analyzed for mutational trends, the
subtype D V3 domain was more divergent than the other
subtypes analyzed, while the subtype C V3 domain was rel-
atively well conserved.45 Examination of nonsynonymous to
synonymous substitution ratios (dN=dS; a measure of positive
selection) in V3 revealed much higher diversifying selection
in subtype B than in subtype C, which was particularly con-
served within the turn region.46 The predominant sequence of
this turn region also varies between subtypes (Fig 3; residues in
green). Subtypes A and C usually contain a highly conserved
GPGQ amino acid motif, while GPGR is predominant in
subtype B Envs.45,94 Subtype D Envs, on the other hand, carry
a mixture of residues at the R=Q position (www.hiv.lanl.gov).

Different mutational patterns in V3 across subtypes may
have clinical significance by influencing the effectiveness of
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CCR5 inhibitors such as maraviroc,95 which was recently
approved by the FDA for HIV treatment. Escape from small
molecule CCR5 inhibitors is usually associated with changes
in the V3 domain.96–99 One mechanism of escape is adaptation
to use the inhibitor-bound form of CCR5,99–101 while another
is to utilize an alternate coreceptor for entry.102,103 Certainly

the presence of viruses that utilize CXCR4 will influence
the clinical utility of CCR5-targeted inhibitors, and this
property appears to differ between subtypes. For instance,
the subtype B V3 domain facilitates a switch in tropism, from
CCR5 to CXCR4 usage in about 50% of patients,83,104–106

whereas CXCR4 usage among subtype C viruses is less

FIG. 2. V3 consensus sequences for HIV-1 group M subtypes. Consensus amino acid sequences were obtained from the Los
Alamos HIV Database and aligned using Seqpublish. Dashes indicate conserved residues relative to the A1 consensus; dots
indicate a deleted residue relative to A1; and amino acid differences from A1 are indicated. The base regions of V3 are
underlined. Red residues indicate those participating in a potential ‘‘hydrophobic cluster’’; green indicates the R=Q substi-
tution that distinguishes B from many non-B subtypes; blue indicates a single difference between the subtype A1 and C
consensus.

FIG. 3. Structure-based analyses of local and global V3 interactions. (A) Contact profile of Ile 309 within the V3 loop. The
graph shows the probability of contact plotted on the vertical axis between Ile 309 and the individual residues within V3.
The HXB2 amino acid position and the subtype C consensus sequence for V3 are shown on the horizontal axis. The contact
profile was obtained from an all-atom molecular dynamics simulation of subtype C consensus gp120 in aqueous solution. The
error bars show SEM obtained from 1 ns block analysis. (B) Regions in core gp120 that could potentially interact with Ile 309.
A coarse-grained model was used, and residues that showed any contact probability with Ile 309 are mapped onto the gp120
structure (2B4C;53 in orange). Residues that have been previously shown to participate in CD4 binding are red. The position
of Ile 309 at the V3 crown is highlighted in blue.
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frequent17–19,27,107,108 even in later stage patients.16,28,109

Subtype D has a higher prevalence of X4 tropism than sub-
type A, which is mostly R5-tropic.20,110–112 CRF02_AG-like
isolates from Ghana were also found to be predominantly R5-
tropic.112 CRF14_BG isolates and BG URFs from Spain were
frequently X4-tropic, while CRF02_AG isolates were mostly
R5-tropic.113 Thus, unlike the universal susceptibility to en-
fuvirtide discussed above, the efficacy of R5 inhibitors such
as maraviroc will depend on the phenotype of the circulating
virus within the treated patient population. Once treated,
inhibitor escape could also be influenced by the ability of
different subtypes to tolerate certain sequence changes in V3.

It is important to note, however, that among these studies
cited above, a variety of methods have been used to assess
coreceptor usage. The earlier studies used induction of syn-
cytia in the MT-2 cell line and=or replication in macrophages
as indicators of tropism, while more recent studies have in-
cluded infection of cell lines stably expressing CCR5 or
CXCR4, or the use of coreceptor-specific inhibitors, to indicate
tropism. In addition, sequence characteristics of the V3 do-
main, such as an increased net positive charge or substitutions
at specific residues, have been used as a surrogate for directly
evaluating coreceptor usage. Recent studies based on se-
quence alone have demonstrated that the subtype C V3 do-
main exhibits less variation compared to subtype B.47,94,114

Comparisons of the V3 region of subtype B and C viruses have
also demonstrated a greater number of covarying residues in
subtype B sequences as compared to C.47,114

The different mutational patterns between subtypes B and
C could simply be due to more frequent CXCR4 usage in
subtype B, because expanded coreceptor tropism is linked with
sequence variation in the V3 domain.53 To control for this
factor, Patel et al. analyzed 391 B and 351 C sequences for
differences in mutational patterns after excluding V3 se-
quences predicted to utilize CXCR4. Using this subset of V3
sequences, the base region (closest to the core) exhibited al-
most identical entropy between subtypes B and C. However,
significant differences in entropy, amino acid composition,
and patterns of covariation were apparent in the stem and turn
regions of subtype B and C V3. Interestingly, the authors also
demonstrated that some subtype B derived anti-V3 mono-
clonal antibodies were able to bind to representative subtype B
and C V3 peptides, but could bind only the subtype B gp120
molecule, indicating that the subtype C V3 within its cognate
protein adopts a distinct conformation. In the X-ray structure
of the CD4-liganded subtype B gp120 molecular with an intact
V3, this loop projects away from the core, suggesting that it
could act as a ‘‘molecular hook’’ that engages coreceptor after
CD4 binding.53 However, in the unliganded gp120 trimer that
is recognized by neutralizing antibody, the V3 loop could be
more flexible, adopting multiple conformations that are
influenced by interactions with the gp120 core or the other
variable loops, such as V1V2. Thus, while lineage-specific
genetic differences in the V3 domain have been established,
their structural consequences are less clearly understood.

Mutational patterns in the a2 helix in subtypes B and C

Interestingly, in subtype C, the structural domain encoded
immediately downstream from V3 in the C3 region (the a2

helix) not only exhibits higher dN=dS ratios than B,46 but also
higher entropy at variable positions, as shown in a comparison

using 582 C-Envs and 634 B-Envs from the HIV database.56

The amino acid composition of the 18 residue a2 helix also
differed between these two subtypes. In subtype C, the a2 helix
is amphipathic (it maintains distinct polar and nonpolar faces),
and variable positions on the surface can accommodate a
positively or negatively charged residue. In contrast, sequence
variation in the subtype B helix does not strictly preserve the
amphipathicity of the a2 helix and variable positions maintain
a similar charge.56 The interior positions of the helix are well
conserved in both subtypes, indicating critical contacts with
the gp120 core. In a separate study, using a mutual information
analysis of 73 subtype C Envs from Zambian donor–recipient
transmission pairs, sequence variation at five residues within
the a2 helix tracked with neutralization resistance against
linked donor plasma in a pseudoviral assay; however, domain
exchange studies showed that the a2 helix was not sufficient to
confer neutralization resistance.57 These studies suggest that
this structure has a prominent but unidentified role in escape
from immune pressure during subtype C infection.

Autologous Nab responses during infection
with subtypes B and C

In HIV-1 infection, neutralizing antibodies are directed
against Env. Given the subtype differences in these proteins
outlined above, it would not be surprising to find variation in
the serology of infection with diverse subtypes. During natural
infection, subtype B HIV-1 elicits neutralizing antibody ac-
tivity against the autologous virus that is usually detectable in
patient plasma within the first few months of infection.61,63,115

Subtype C HIV-1 elicits a Nab response with similar kinet-
ics.40,89 However, when the autologous Nab response in
6 subtype B-infected seroconvertors was compared directly
against 11 subtype C-infected seroconvertors from Zambia, a
3.5-fold higher 50% inhibitory titer of Nab was found in the C
subjects. In terms of the breadth of the Nab response, plasma
from these subtype C subjects had less cross-reactive activity
against heterologous Envs of the same subtype, compared to
plasma from the subtype B patients,40 suggesting that the ini-
tial Nab response in subtype C infection is directed against
strain-specific epitopes. This lack of cross-reactivity in early
subtype C infection was corroborated in an independent study
of 14 South African patients.89 Intriguingly, in studies of South
African patients, antibodies directed against the V3 domain
were present in the plasma of all subjects during early infection,
and were capable of binding to autologous and heterologous
V3 peptides, yet these antibodies did not contribute to neu-
tralization of autologous virus in most of the patients.107,116

The ubiquitous presence of anti-V3 antibodies could suggest
recognition of ‘‘decoy’’ V3 epitopes exposed on defective
Env forms (i.e., monomeric Env), but sequestration of V3
on the native, trimeric Env, thereby preventing neutralizing
activity.117 Furthermore, Moore et al. demonstrated that Nab
activity in the South African patients seems to be frequently
directed toward epitopes within the C3–V4 region.116

Examination of Nab breadth during infection
with different subtypes

The inability to induce broadly cross-neutralizing anti-
bodies against HIV during natural infection, much less via
immunization, has hampered attempts to generate an effec-
tive vaccine. Recent studies of the cross-neutralization prop-
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erties of individual and pooled subtype-specific plasma
using both pseudovirus and PBMC-based assays have de-
termined that in general, subtype-specific relationships
do exist between neutralizing antibody and virus sensitivi-
ty.77,88,107,118,119 However, one study found that for individ-
ual subtype C plasma samples, genetic relatedness between
the autologous and heterologous Env within subtype C was
not a determinant of cross-neutralizing activity.119 In other
words, patient plasma was not more likely to cross-neutralize
a heterologous virus that shared genetic similarity with
the autologous virus than a heterologous virus that was more
distantly related. This could reflect the poor concordance
between neutralization epitopes, which are often conforma-
tional, and the linear, gap-stripped Env sequence that is an-
alyzed with phylogenetic methods. The authors of this study
did find that autologous viruses with shorter hypervariable
domains (the V1V2 domain and the V1V4 region) were better
able to elicit antibodies that could cross-neutralize heter-
ologous C Envs, but there was no association between shorter
loop length in the autologous virus and the ability to cross-
neutralize B Envs, suggesting that the targets of neutraliza-
tion differ between the two subtypes.119

A separate study that found higher in vitro autologous Nab
titers in early subtype C vs. B infection (discussed above) also
demonstrated that the shorter hypervariable domains in
the subtype C Envs were correlated with Nab potency.40 In
fact, subtype C Envs tend to have shorter hypervariable do-
mains than B Envs in general40,56,88 and this propensity could
contribute to the observed subtype differences in Env im-
munogenicity and susceptibility to neutralization. Intrigu-
ingly, in one study, subtype C pooled plasma was highly
cross-neutralizing against viral Envs of almost all subtypes
measured (A, B, C, D, AE, and AG) using a sensitive pseu-
dovirus assay.118 As previously discussed, individual subtype
C plasma samples usually do not possess high levels of in-
traclade or interclade neutralization activity within the first
few years of infection.40,89,107 The autologous Nab response
against subtype C Env is typically potent yet focused, and
data from our laboratory indicate that distinct epitopes may
be targeted across patients in the early stages of infection
(Rong et al., unpublished observations). One explanation for
this apparent contradiction is that when these plasma samples
are pooled, the breadth of targets recognized is increased
substantially. In contrast, if autologous Nab across subtype B
infected patients recognized similar targets, as suggested,61

pooling the plasma would not be expected to dramatically
increase the breadth.118 A few ‘‘broadly reactive’’ monoclonal
antibodies have been derived from subtype B-infected pa-
tients, but most lack neutralizing activity against non-B
viruses.77,88,107,110,120 For example, antibodies 2F5 and 2G12
have limited activity against subtypes A, C, and D viruses,
and for 2G12, simply reconstituting the epitope in subtype C
Env does not necessarily result in neutralization, suggesting
that conformational constraints prevent formation or expo-
sure of this epitope.39 Together these findings indicate that
Env of different subtypes has distinct antigenic properties.

Nab responses directed against V3

As discussed above, the R=Q substitution found at the V3
tip of non-B subtypes constitutes a major antigenic distinc-
tion for neutralization by some anti-V3 monoclonal anti-

bodies.41,121 X-ray and NMR structures of subtype B V3 bound
to monoclonal antibody 447-52D have proven useful in de-
ducing the role of the GPGR motif on obtaining antibody
specificity, which was linked specifically to different patterns
of surface charge at the tip of the loop in one study.122 How-
ever, cross-subtype reactive anti-V3 antibodies can be elicited
in patients as well, indicating that there are also conserved
features of V3. Subtype A infections appear to elicit antibodies
that recognize features of V3 that are conserved across sub-
types. For example, plasma from Cameroonian patients
infected with subtype A or CRF02_AG more frequently har-
bored anti-V3 antibodies that were cross-reactive than did
North American patients infected with subtype B.90 This
finding was confirmed and expanded in a study examining
the neutralization capabilities of anti-V3 monoclonal anti-
bodies derived from patients infected with subtype A or B
Env.41 Interestingly, when these anti-V3A or anti-V3B MAbs
were evaluated against viruses containing a V3 consensus
sequence from multiple subtypes within a neutralization-
sensitive Env background (SF162), the B consensus V3 was
preferentially neutralized by all of the anti-V3 MAbs, even
those elicited against subtype A V3. When the subtype C V3
consensus was placed into the same background, it was
neutralized, but much less efficiently than the subtype A and
B V3, even though the A and C V3 sequences differed by only
one residue (Fig. 2, blue residues immediately C terminal to
the GPGQ turn). Thus it appears that antibodies that are di-
rected against subtype A and B V3 can neutralize the native
trimer conformation of subtype B V3 more potently than
the other subtypes, but display weak activity against the
subtype C V3 in particular. Furthermore, this study illustrates
how a single substitution within the turn region can produce a
dramatic phenotypic effect.

Conservation of hydrophobic residues
in V3 in subtypes B and C

Thus, studies from our laboratory and others have dem-
onstrated that the subtype C V3 domain is less variable in
sequence, and is under less selective pressure, than subtype B.
One explanation for this phenomenon could be that subtype C
V3 is less exposed on the native Env trimer. Evidence for this
hypothesis comes from findings that subtype B viruses are
susceptible to neutralization by anti-V3 monoclonal anti-
bodies;41,77 however, this activity can be limited by con-
formational masking of V3 on the virion-associated Env
trimer41,63,123 and sequence variation.121 In contrast, subtype
C appears to be generally less susceptible to anti-V3-mediated
neutralization.41,47,89,107 Thus, V3 could exist in multiple con-
formations on the unliganded Env trimer, some of which are
more accessible to antibody than others.

One possible factor influencing V3 exposure could be the
arrangement of hydrophobic residues within the V3 stem,
particularly residues I307, I309, and F317 (Fig. 2, residues in
red). These three hydrophobic residues are conserved in both
subtype B and C sequences in the database, but to varying
degrees.47 I307 is more highly conserved in B than C (97 vs.
54%), while the reverse is true for I309 (68 vs. 99%) and F317
(75 vs. 97%). Variation in these positions, however, is re-
stricted to hydrophobic residues.47 Thus, while the frame-
work for a ‘‘hydrophobic cluster’’ could potentially exist in
both B and C V3 domains, it appears that subtype C tends to
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preserve specific hydrophobic residues at two out of three
positions. All atom molecular dynamics simulations in our
laboratory (Fig. 3A)56 and crystallographic studies in the con-
text of V3 peptide bound to antibody by others94 have pro-
vided evidence for the proximity of these residues to one
another. In the Stanfield et al. study, a naturally occurring Leu
at position 309 (instead of the more common Ile at 309) of a
subtype A V3 domain altered the orientation of the F317 side
chain on the opposite strand, suggesting that 309 and 317
were in close contact.94 Further evidence for the proximity
of I307, I309, and F317 stems from recent crystallographic
studies of V3 peptide bound to MAb 3074.124 This study
found that these three residues comprise part of the 3074
epitope. Moreover, coarse-grained calculations that we per-
formed demonstrate that the subtype C V3 (and perhaps the
hydrophobic cluster) has the potential to interact with mul-
tiple residues in the gp120 core, several of which are proximal
to the CD4 binding site and may impact CD4 binding (Fig. 3B).
A simple assessment of the gp120 backbone atomic fluctua-
tion profile (B-factors) revealed that variable loops such as V3
show much greater flexibility compared to the core regions
(Fig. 1). Properties of V3 should therefore be considered in the
context of a dynamic structure.

Stabilizing forces could drive hydrophobic residues to
avoid solvent exposure by burying themselves within the V3
loop or into the gp120 core. Conservation of these and other
residues in subtype C V3 could therefore constrain exposure
of this domain, and could also restrict adaptability for the
sequence changes that facilitate CXCR4 utilization. A higher
level of positive selection, CXCR4 utilization, and suscepti-
bility to anti-V3-mediated neutralization is observed in sub-
type B V3, arguing that perhaps this region is more frequently
exposed on the native B Env trimer. A higher level and dif-
ferent pattern of sequence variation in subtype B V3 could
therefore function to prevent anti-V3-mediated neutralization
and to facilitate expanded tropism.

Summary

The extreme genetic diversity of HIV-1 poses a significant
challenge for global vaccination approaches, and strategies to
overcome this are extremely limited at present. In an effort
to understand the biological consequences of intersubtype
diversity, recent research has linked genetic differences in
Env to both phenotypic and antigenic properties. A particular
focus has been on subtypes B and C, where differences have
been associated with distinct autologous humoral responses
that vary in gp120 targets as well as in cross-reactive breadth,
especially in the V3 domain. It is important to note that differ-
ences between subtypes that circulate in distinct geographic
regions, such as B and C, could also reflect dissimilarity in the
host population from which the viruses were derived, epi-
demic patterns, the route of infection, etc. Nevertheless, as
studies continue to uncover subtype-specific differences in Env
function, structure, and antigenicity, these will be important
to incorporate into global vaccine design.
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