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Killing of HIV-infected cells by CD8* T-cells imposes strong selection pressure on the virus
toward escape. The HLA class | molecules that are successful in mediating some degree
of control over the virus are those that tend to present epitopes in conserved regions
of the proteome, such as in p24 Gag, in which escape also comes at a significant cost
to viral replicative capacity (VRC). In some instances, compensatory mutations can fully
correct for the fitness cost of such an escape variant; in others, correction is only partial.
The consequences of these events within the HIV-infected host, and at the population
level following transmission of escape variants, are discussed. The accumulation of
escape mutants in populations over the course of the epidemic already shows instances
of protective HLA molecules losing their impact, and in certain cases, a modest decline
in HIV virulence in association with population-level increase in mutants that reduce VRC.
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INTRODUCTION

The ability of HIV to evade the immune response is one of the major challenges standing in the way
of the development of a successful HIV vaccine. Although the drive to improve immune control via
T-cell vaccines has been diminished following the Step and Phambili trials involving the MRKAd5
HIV-1 vaccine (1-4), success of a T-cell vaccine using a CMV vector in the SIV-macaque model
(5-8) and the increasing recognition that CD8* T-cells are likely to play a critical role in HIV eradica-
tion (9, 10) underlines the continuing importance of antiviral T-cell activity in HIV vaccine and
Cure approaches. Understanding the impact of CD8* T-cell escape both within the host and at the
population level therefore remains of critical relevance to the field.

Almost 25 years have elapsed since the initial discovery that HIV variation could result in viral
escape from the CD8* T-cell response (11). This early work focused on the HLA-B*27-restricted
response to an immunodominant epitope in the Gag protein KRWIILGLNK (“KK10”: Gag 263-272).
Much has been learned about HIV adaptation to HLA class I-restricted CD8" T-cell responses and
its potential consequences from this single response. HLA-B*27 provides an especially clear example
because, first of all, HLA-B*27 is strongly associated with slow progression to HIV disease (12-16).
Second, the peptide-binding motif is so clean: only one amino acid is acceptable at position-2 (P2)
in the epitope (17-20). Third, immunodominance is very strong (13), so, although a simplification,
much of the story can be read by focusing on KK10 alone. Fourth, by chance, very few other CD8*
T-cell responses target epitopes in this region. Therefore, certainly in Caucasian populations infected
with B clade virus, any mutations within KK10 can safely be assumed to have been the result of selec-
tion pressure driven by this HLA-B*27 response. Fifth, escape almost invariably involves substitution
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of Arg at P2, which effectively abrogates binding and immuno-
genicity of the epitope for any HLA-B*27-positive recipient of the
variant. Finally, this immunodominant KK10 response illustrates
an important feature of most, if not all the epitopes that appear
to mediate HLA-associated control of HIV infection, namely
that escape mutation within the epitope significantly reduces
viral replicative capacity (VRC). This last point underlines that
fact that viral fitness is a critical factor in determining timing and
impact of escape mutations.

WITHIN HOST HLA ADAPTATION:
LESSONS TAUGHT BY HLA-B*27

The HLA-B*27-restricted KK10 response was the first HIV-
specific epitope described (21), a fact that is related to its immuno-
dominance in HIV-infected individuals who express HLA-B*27
(13, 22). HLA-B*27 is reasonably prevalent in Caucasian popula-
tions (phenotype frequency ~8%) (20) and individuals expressing
HLA-B*27 progress relatively slowly to disease (12-14, 23, 24);
therefore, longitudinal studies of this response were feasible. The
KK10 escape mutations within KK10 appeared to be selected
late - after a decade or more of infection — and were associated
with progression to AIDS (13). The dominant observed escape
mutation, R264K, arises at the anchor position-2 (P2) in the
epitope that is believed to require Arginine for adequate bind-
ing to HLA-B*27 (17-20). These data suggested the possibility
that KK10 might be an important immune response mediating
the protection against rapid disease progression linked with
HLA-B*27.

The main features of this “B27 story” have remained broadly
unaltered over the past two decades, although it has become
more complex. First, KK10 is by no means the only HIV-specific
response, nor is it necessarily the first CD8" T-cell response to
emerge in the very early phase of infection in subjects expressing
HLA-B*27. The initial response appears to be against the Vpr

epitope “VL9” (Vpr 31-39: VRHFPRIWL) and escape in VL9,
again via an Arg — Lys substitution at the P2 anchor, predates
the R264K escape mutation within KK10. Although KK10 is usu-
ally the dominant response in chronic infection, more sensitive
and more comprehensive assays have revealed between 15 and
20 additional HIV-specific HLA-B*27-restricted epitopes (22;
Leitman, Personal communication). This includes a Pol epitope
“KY9” (Pol 901-909, KRKGGIGGY) which in some subjects can
be the immunodominant response and within which selection
of escape mutations (Arg — Lys at P2 and/or Gly — Glu at P8)
can predate escape within KK10 (22; Leitman, Personal commu-
nication) (Table 1). Thus, the HLA-B*27-restricted CD8* T-cell
response is much more broadly based than initially realized.

Second, although selection of the R264K is associated with
progression to AIDS, the mutation L268X (where X represents
Met or Ile at P6 in the KK10 epitope) occurs prior to R264K,
and this is associated with reduced immune control. Typically,
progression to a CD4 count of <200 cell/mm?® or AIDS appears
to require the mutation at Arg-264 which abrogates binding of
KK10 to HLA-B*27, and therefore would abolish the CD8* T-cell
response altogether, whereas L268X merely reduces recognition.
A subset of the KK10-specific CD8* T-cells that recognize the
wild-type epitope have a high functional avidity and are the most
potent inhibitors of viral replication (25-30); so loss of this subset
of CD8* T-cells as a result of selection of the L268X mutant loos-
ens the hold of the KK10 response over the virus. As described
further below, this now appears to prepare the conditions for
R264K to be selected.

Third, the selection of R264K many years after infection
prompts the question of why this occurs so late. Part of the expla-
nation is that the R264K mutant itself inflicts a substantial cost
on VRC such that a compensatory mutation — S173A - needs
to be selected at the same time as the escape variant (23, 31). In
fact, alternative escape mutants to R264K are also selected, prin-
cipally R264G and R264T, that do not impair VRC as much as

TABLE 1 | Selected key epitopes with HLA restriction, and associated HIV-1 escape and compensatory mutations.

Protein Epitope HLA restriction Sequence? Escape mutation Compensatory mutation
Gag TL9 B*07:02/42:01/81:01 TPQDLNTML Q182T, Q182E/G/S, T186S E177D, V191l

Gag GL9 B*07:02 GPSHKARVL S357G

Gag RM9 B*07:02/42:01 RPGGKKHYM H28Q/S/R, M30R/K R20S

Gag KK10 B*27:05 KRWIILGLNK R264K/G/T/Q, L268M/| S165N, S173A

Gag QK10 B*27:05 QRGNFRNQRK R380K, F383Y

Pol KY9 B*27:05 KRKGGIGGY R902K, K903R, G908E

Nef WF9 B*27:05 WRFDSRLAF R104K, R108X

Vpr VL9 B*27:05 VRHFPRIWL R32K, R36G

Vif KK11 B*27:05 KRKPPLPSVTK R159G

Gag NY10 B*35:01 NPPIPVGDIY D260E

Pol TI8 B*51:01 TAFTIPSI [135T/R

Gag ISW9 B*57:02/57:03 AISPRTLNAW A146P, 1147L/M

Gag KF11 B*57:01/57:03 KAFSPEVIPMF A163G/S S165K/N

Gag TW10 B*57:03/58:01 TSTLQEQIAW T242N H219Q, 1223V, M228L
Gag Qwo B*57:02/57:03/58:01 QATQDVKNW A309S, T310S

Nef KF9 B*67:02/57:03/568:01 KAAFDLSFF A83G

Env QL11 B*68:02 QTRVLAERYL None

2Bold residue indicates escape mutation selected.
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R264K (32), butimpair VRC substantially more than the R264K/
S173A combination. Thus, there is a balance between the benefit
the virus accrues from evading the KK10 response and the cost
of the escape mutant. Selection of R264K invariably follows that
of L268X, which, as described above, weakens the efficacy of the
KK10 response; in the setting of L268X, therefore, the additional
benefit of R264T and T264G may not be of sufficient value to the
virus to be worth the cost. On the other hand, in the setting of
a highly potent KK10 response, prior to the selection of L268X,
R264T, or R264G might result in the complete evasion of the
KK10 response, at a cost to VRC that was of overall benefit to
the virus. For these reasons, with rare exceptions, R264K escape
is only seen in combination with S173A, following selection
of L268X (31), whereas R264T or R264G are typically selected
without L268X having been selected previously (23) (Table 1).

It should be added here that late escape does not always imply
astrong CTL response and a fitness cost resulting from the escape
mutation. Late escape could also arise in the setting where either
there are constraints against escape mutation or the CTL response
is weak.

The fourth complication is the influence of the particular viral
context within which these escape mutants are selected. This is
most readily observed when considering the escape pathways
available to HIV from different clades of virus. The options for
KK10 escape in B clade infection have been described above.
In C clade virus infections, which predominate in Africa and
therefore in the global epidemic, the situation differs. In par-
ticular, instead of Ser at Gag-173, the C clade consensus residue
at this position is Thr. This clade-specific difference at Gag-173
might be expected to influence the cost of R264K escape and the
necessity for a compensatory mutation at Gag-173 as is observed
in B clade infection. In fact, what we see in KK10 escape in C
clade HLA-B*27-positive individuals is the selection of R264K
without prior escape at L268, and the compensatory mutation is
typically S165N (Brener, Personal communication). In addition,
changes in residues within the cyclophilin A-binding loop, a
region within the capsid protein spanning Pro-217 to Pro-225
(PVHAGPIAP), may provide an alternative route by which com-
pensation for the fitness cost of R264K can be achieved in C clade
infection. However, the R264K/S173A escape and compensatory
pathway employed predictably in B clade infection is not adopted
in C clade. These examples illustrate the point that the escape
pathways adopted in each infected individual are shaped by the
particular autologous viral sequences in operation as well as by
the immune response.

The final complication to add to the original “B27 story” is
the question of what distinguishes the HLA-B*27-positive HIV-
infected individuals who are “elite controllers” [antiretroviral
therapy (ART)-naive subjects whose viral loads are undetectable
(<50 copies/ml plasma)] from those who do not exhibit the same
degree of viremic control. In some cases, as described above, if
KK10 escape mutants have been selected, this would explain
failure of the KK10 response to suppress viral replication. In other
subjects, in whom KK10 escape mutants have not been selected,
qualitative differences in the ability of KK10-specific CD8* T-cells
to recognize low concentrations of the KK10 variants may help

to explain elite control in HLA-B*27-positive individuals (33).
Although Arg at P2 is believed to be a requirement of any HLA-
B*27-binding peptide, it is possible that an Arg — Lys mutant
might merely reduce presentation of the peptide, as opposed
to abolishing it altogether, which might be sufficient for some
KK10-specific cells of very high functional avidity to maintain
recognition of, and kill, even those virus-infected cells expressing
the KK10 variant.

WITHIN HOST HLA ADAPTATION:
LESSONS LEARNT FROM NON-HLA-B*27
ALLELES

HLA-B*57 and HLA-B*58:01

HLA-B*57 is highly enriched in HIV elite controllers [reviewed
in Ref. (34)] and is the HLA class I allele with the strongest impact
on viral load setpoint and disease progression (12, 15, 16, 35-40).
Within the sub-Saharan African population, where the HIV
epidemic is concentrated, HLA-B*57:03 is the most prevalent
HLA-B*57 subtype, expressed in ~4-5% of individuals. It differs
by one amino acid from HLA-B*57:02 (Leu-156 in B*57:03, Arg-
156 in HLA-B*57:02), the less common HLA-B*57 subtype found
in sub-Saharan African populations. The HLA-B*57 alleles are
also closely related to HLA-B*58:01, all being protective against
HIV disease progression and sharing presentation of many of the
same epitopes. The hierarchy of protection is, in ascending order,
HLA-B*58:01, HLA-B*57:02, and HLA-B*57:03 (41), and this
order is associated with the number of p24 Gag-specific CD8*
T-cell responses that drive selection pressure on the virus. In the
case of HLA-B*57:03, selection of mutations arises in three p24
Gag-specific epitopes, in a predictable sequence (42-44). HLA-
B*57:02- and HLA-B*58:01-restricted p24 Gag responses drive
selection pressure in only two instances.

The TW10 epitope (TSTQEQIAW, Gag 240-249), is presented
by all three closely related HLA-B*57:02/57:03/58:01 class I
molecules, and escape mutants at T242X are selected in 70-90%
of individuals expressing these alleles. This mutation shares
many features with the R264K mutation within the HLA-B*27-
restricted KK10 epitope described above. The most common
mutant, T242N, effectively abrogates recognition by CD8* T-cells
(42, 45, 46). At the same time, T242N also reduces VRC (42, 43,
45). Unlike R264K, reversion of T242N following transmission
to a recipient who does not express the relevant HLA class I mol-
ecule, does arise commonly (42), because compensatory mutants
appear to be less efficient at correcting the fitness cost than S173A
is for R264K (32). However, if compensatory mutations, such as
H219Q, 1223X, and M228X, are selected in combination with
T242N, the speed of reversion post-transmission may be consid-
erably diminished (47) (Table 1).

The p24 Gag epitope that is uniquely presented by HLA-
B*57:03 among this group of related HLA-B*57/58:01 alleles is
KF11 (KAFSPEVIPME, Gag 162-172) (35). This is the immuno-
dominant HLA-B*57:03-restricted epitope in chronic infection,
targeted by >75% of infected individuals expressing HLA-B*57:03.
The sequence of events observed for escape within KF11 has close
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similarities with those described above for KK10 escape through
R264K. The initial escape mutation within KF11 is A163X, typi-
cally A163G, located at position-2 in the epitope, which reduces
but does not abrogate recognition of the epitope by KF11-specific
CD8 T-cells. This mutant carries a cost for the virus, in that A163G
reduces VRC (48, 49). The fitness cost of A163G is substantially,
although not fully, restored by the compensatory mutation S165N
that emerges subsequent to A163G (43, 48, 49). Furthermore, the
combination of A163G and S165N results in the complete loss
of recognition of the epitope by CD8* T-cells. Thus, as with the
fully compensated HLA-B*27-R264K escape, the virus ultimately
achieves almost the perfect solution, that is, complete escape from
T-cell recognition with minimal loss of VRC (Table 1).

In summary, the HLA-B*57/58:01 alleles present a clear pic-
ture, consistent with that described in relation to the HLA-B*27-
restricted Gag response, suggesting a mechanism for HLA-linked
control of HIV through the dominant targeting of Gag, with
strong selection pressure for escape variants that reduce VRC
and that therefore require the virus also to select compensatory
mutants for adequate replication. However, although individual
compensatory mutants, such as SI65N, may help to compensate
for the fitness cost of the escape mutant, in this case A163G, an
accumulation of costly escape mutants may severely attenuate the
virus (43). This is what appears to result in the face of the three
HLA-B*57:03-restricted, p24 Gag-specific CD8" T-cell responses
that drive selection pressure on HIV. Thus, although the virus
is constantly generating variants that may diminish the cost of
escape mutants, in many cases, the compensation will be incom-
plete, and/or take some time, and therefore a broad Gag-specific
CD8" T-cell response is likely to be highly effective in long-term
suppression of viremia. This may also explain the observation
that HLA-B*57-positive elite controllers have often selected rare
B*57 mutations that substantially reduce VRC with no apparent
accompanying compensatory variant (50). By contrast, escape
mutations outside Gag, such as in Env, may have minimal impact
on VRC (51), and these responses are typically not associated
with control of viremia (52).

Additional insight into the effect of MHC class I alleles
involved in control HIV infection comes from an elegant study
by Wroblewski et al. that over a period of 50 years followed three
communities of chimpanzees (P. t. schweinfurthii) infected with
SIVcpz (53) in the Gombe National Park, Tanzania (54). DNA
and RNA were extracted from fecal dumps to study longitudi-
nal changes of MHC and SIVcpz viral loads over time. Three
chimpanzee MHC alleles (Patr-B*06:03/B*22:03/B*22:05) were
enriched in the SIVcpz-infected groups. Of particular interest, in
the case of HLA-B*57 and control of HIV, is the Patr-B*06:03
allele because it phylogenetically clusters with HLA-B*57:01,
shares a similar B-pocket binding structure and is associated
with lower SIVcpz viral load. SIVcpz sequencing showed varia-
tion in Gag-242, T242S, suggesting selection pressure from Patr-
B*06:03-restricted SIVcpz specific CD8* T-cells and similar to
that demonstrated for the HLA-B*57/58:01-associated T242N
mutation in HIV. The study from Wroblewski et al. also suggests
that SIVcpz infection results in particular Patr-B alleles becoming
enriched in the chimpanzee population.

Other African HLA-B Alleles Contributing

to Control

The other HLA allele strongly associated with protection against
disease progression in African subjects infected with HIV is
HLA-B*81:01 (16, 38, 55, 56). HLA-B*81:01 restricts a dominant
TL9 p24 Gag response (TPQDLNTML, Gag 180-188) (57) that
drives, in particular, the selection of T186S (44, 58, 59) that sub-
stantially reduces VRC. The compensatory mutations at Gag-190
only partially restore the fitness cost from these intra-epitope
mutations (60).

This single p24 Gag epitope, TL9, has taught us several
additional aspects of CD8* T-cell immunity. This is the most
targeted HIV-specific epitope in sub-Saharan Africa, being
presented by several highly prevalent HLA alleles, including
HLA-B*07:02/B*39:10/B*42:01/B*81:01 and HLA-C*08:02. The
immunodominance pattern for each HLA allele is influenced
by TCR bias, such that the TCR gene rearrangements neces-
sary for the immunodominant TL9-specific responses arise
more readily than those necessary for non-dominantly targeted
epitopes restricted by the same allele (61). A further point this
epitope illustrates is that although ultiple HLA-B alleles present
TL9, the frequency and patterns of the mutations they select are
often distinct, and these have a different impact on VRC. Several
explanations have been proposed to explain the stronger selection
imposed via HLA-B*81:01 on TL9 compared to HLA-B*42:01.
First, TL9-specific CD8" T-cells restricted by HLA-B*81:01 and
HLA-B*42:01 have different TCR clonotype usage. Second dif-
ferent TCR affinities may result in different cross-recognition
properties of TL9 variants (62, 63). Third, the HLA-specific
conformation of the TL9 peptide differs greatly in 3-dimentional
space (59). These factors may explain a wider phenomenon of
distinct escape pathways adopted by the virus in the face of CD8*
T-cell responses to the identical epitope but restricted by different,
albeit closely related HLA class I molecules. At the population
level, this can lead to discordant HLA-associated impact on VRC
and on disease outcomes (44).

HLA-B*42:01 and the closely related HLA-B*42:02 make a
particularly informative case study, as they differ by only a single
amino acid (64), occur almost exclusively on the same haplotype
together with HLA-A*30:01 and HLA-C*17:01, and, as Bwé6
alleles, they have no interaction with KIR ligands (65). Thus, dis-
ease associations can be more easily attributed to the CD8* T-cell
responses these alleles, respectively, generate. The impact of the
single residue change is striking, with HLA-B*42:01 significantly
superior to HLA-B*42:02 as a protective allele (55, 58). Perhaps
unsurprisingly, the ultimate mechanism reflects the patterns
observed for HLA-B*27 and HLA-B*57, in that HLA-B*42:02
has a narrow Gag response and does not effectively present key
Gag epitopes, such as p17 Gag RM9 and p24 Gag TL9, that are
strongly targeted by B*42:01 (64). This is consistent with previous
studies demonstrating differences in rates of AIDS progression
associated with single amino acid differences between HLA-
B*35 subtypes, such as B*35:01 compared with B*35:02/03 (66).
Again these differences in disease outcome are linked to higher
frequency of Gag epitope targeting by HLA-B*35:01 compared
with HLA-B*35:02/3 (67).
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Disease-Susceptible HLA Alleles

Insight to the mechanisms underlying HIV control also comes
from studies of HLA alleles associated with rapid progression. In
contrast to protective alleles such as HLA-B*27/57/58:01/81:01,
the CD8* T-cell response restricted by disease-susceptible HLA
fail to constrain viral replication and hence do not impose selec-
tion pressure on the virus (68). HLA-B*42:02, as described above,
is an example of a disease-susceptible allele. The second example
is HLA-B*58:02 that is associated with rapid disease progression
(38, 55, 69), despite being closely related to a protective allele,
HLA-B*5801. These two HLA molecules differ by only three
amino acids, but, as with B¥42:01 and B*42:02, the consequence
is two very distinct immonodominance patterns. The dominant
HLA-B*58:01-restricted response is the p24 Gag epitope TW10,
escape from which reduces VRC (described above). However, the
dominant HLA-B*58:02-restricted response is directed toward an
epitope in Env, targeting of which is associated with high viral
loads and no selection pressure (69). These observations are
consistent with a recent study that identifies 21 epitopes with
disease progression, of which only one is located in p24 Gag and
the majority (15 epitopes) arise within Env or Pol (70).

The question of what happens when an individual expresses
both aprotective and disease-susceptible allele hasbeen addressed
by Leslie et al. (55) (JV 2010) who showed that the effect of alleles
on immune control is additive. Viral loads are intermediate. CTL
responses are not dominated by Gag, as in subjects only express-
ing protective alleles, but include responses in Env and in the
accessory/regulatory proteins (52).

HLA-C Contribution to HIV Control

Although HLA-C is expressed at lower levels than either HLA-A
or HLA-B on the cell surface (71), a single nucleotide polymor-
phism (SNP), arising 35 kilobases upstream of the HLA-C locus,
was shown to be protective against HIV disease progression (15,
16). Subsequently, this polymorphism was associated with higher
HLA-C expression levels on the surface of T-cells (40) independ-
ent of HLA-A and HLA-B linkage disequilibrium (72). The
mechanism is linked to variation within the 3’ untranslated region
of HLA-C that regulates the binding of the microRNA Has-miR-
148a (expressed on chromosome 7) and thereby also the levels
of HLA-C expression (73). Variation in the gene encoding the
microRNA Hsa-miR-148a directly affects HLA-C allele expres-
sion, such that high expression of miR-148a down-regulates those
HLA-C alleles containing the corresponding microRNA-binding
site (74). These studies suggest a new mechanism in which dif-
ferential expression of HLA-C alleles may play important roles in
control of viremia due to greater HLA-C restricted CD8* T-cell
activity and selection pressure (38, 52, 72). Thus, differences in
relative HLA expression levels (71) may directly impact on CD8*
T-cell activity and contribution to HIV control.

POPULATION-LEVEL HLA ADAPTATION
HLA Footprints

As mentioned above, escape mutations within HLA-B*27-
restricted epitopes in addition to the immunodominant Gag

epitope KK10 are selected in HIV-infected individuals expressing
this allele. These can be identified in cohort studies of HLA-typed
subjects as HLA-B*27 “footprints” on the HIV sequence via
demonstration of statistical associations between the presence of
a variant, such as R264X (where X is either K, G, T, or Q), and
expression of HLA-B*27. Carlson et al. (75) have constructed an
escape map of the HIV B clade proteome, from the study of 1888
ART-naive, chronically infected individuals. A similar escape
map has been constructed for Gag, Pol, and Nef C clade sequences
(76). From these studies, 12 HLA-B*27-associated mutations can
be mapped onto six HLA-B*27-restricted CD8" T-cell epitopes
(Figure 1). A clear pattern can be identified from observation
of these epitopes and the escape mutants that arise therein. In
accordance with the requirement for Arg at P2 in HLA-B*27-
binding peptides, all these epitopes carry Arg at P2, and in all 6
epitopes, substitution of Arg at P2 is the common (although not
exclusive) escape route for the virus.

The realization that the viral sequencing of large cohorts of
HLA-typed individuals could reveal effectively all the escape
mutants selected at any meaningful level was first described by
Moore et al. (77). These types of analyses are particularly valu-
able in identifying responses that are functional, as only these
will impose sufficient selection pressure on the virus for escape
mutants to be selected. The identification of HLA footprints can
also help to uncover previously unknown epitopes that might
make critical contributions to the acute response but are often
undetectable in chronic infection, following early escape in acute
infection.

It is also important to note that the HLA footprints can be
“indirect” (76): that is, they are dependent on the presence of
another HLA footprint: an example here would be the compensa-
tory mutant S173A, whose selection in HLA-B*27-positive indi-
viduals is dependent on coselection of the R264K escape mutant.
Additionally, there may be HLA footprints that are not necessar-
ily linked with viral escape from the CD8" T-cell response, but

Epitope Epitope sequence Epitope Epitope sequence
and escape residues and escape residues
264 268 32 36
KK10-Gag KRWIILGLNK VL9-Vpr VRHFPRIWL
escape KGTQ MI escape K G
380 383 159
QK10-Gag QRGNFRNQRK KK11-Vif KRKPPLPSVTK
escape K Y escape G
S 184 188
KY9-Pol KRKGGIGGY WF8-Nef WRFDSRLAF
escape KR E escape K X
FIGURE 1 | HLA-B*27 footprints in B clade HIV show a predictable
pattern of escape mutation among six different epitopes. The 12
HLA-B*27-associated escape variants within six HLA-B*27-restricted
epitopes are shown in red. Shaded are the common escape positions at P2
in the epitope in each case, in all cases from Arg — Lys or Gly. Data from
Carlson et al. (44, 75).
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may be selected because they affect KIR binding to peptide-MHC
complexes and thereby influence NK-mediated killing (78).

The final point concerning the identification of HLA footprints
on the viral proteome is the information that these studies provide
about which responses are important for immune control. In the
study of the C clade epidemic in South Africa, it emerged that the
number of Gag footprints per HLA molecule was stronglylinked to
the HLA-associated viral setpoint (68). So, highly protective HLA
molecules, such as HLA-B*57/58:01/81:01, select a large number
of Gag escape mutants, whereas disease-susceptible alleles, such
as HLA-B*18:01/58:02, select none. This relationship did not
apply to the number of Pol or Nef HLA footprints. Furthermore,
the inverse correlation between viral load and number of HLA
footprints was the strongest when limiting the analysis only to
reverting mutants, that is, mutants that tend to revert back to the
original sequence following transmission to an HLA-mismatched
recipient (discussed further below). Following on from studies
showing strong correlations between the breadth of the Gag CD8*
T-cell response and viral suppression, and inverse correlations
for Nef- and Env-specific CD8* T-cell responses (52), these data
provide an entirely independent piece of evidence supporting the
central role of Gag-specific CD8* T-cell responses in the control
of HIV infection.

Transmission, Persistence, or Reversion

of CTL Escape Variants
The first question that arises is whether the CD8" T-cell escape
mutants can be transmitted. A number of mother—child trans-
mission studies (79-81) and adult horizontal transmission
studies (43, 76, 80, 82-85) have shown that this is indeed the
case. Interestingly, a recent analysis of adult transmission (76)
showed that where a mixture of wild-type and variant sequences
is present in the donor, the wild-type virus is preferentially trans-
mitted. This, in itself, is further supporting evidence that some of
these escape mutants have a real impact on viral fitness. Having
said this, it is clear that even escape mutants that reduce VRC
significantly can be transmitted, and often are (43, 47, 76, 80-85).
The next question is whether transmitted variants would per-
sist in HLA-mismatched recipients or revert back to the original
sequence in the absence of the CD8" T-cell response that drove
their selection. In theory, one might anticipate that variants having
effectively no impact on VRC would persist, while those reduc-
ing VRC would revert. In the case of the HLA-B*27-associated
R264K mutant, the fitness cost of this escape mutation is almost
entirely corrected by the simultaneous selection of the compensa-
tory S173A variant (31). Thus, transmission of the R264K/S173A
combination to an HLA-B*27-negative recipient does not appear
to result in reversion back to wild type (32). Escape mutants that
significantly reduce VRC, and for which compensatory mutants
only partially recover the fitness cost — examples described above
include the HLA-B*57/58:01-associated mutant T242N, or the
HLA-B*81:01-associated T186S (43, 48, 49, 51, 60) — do revert the
following transmission to HLA-mismatched recipients. However,
reversion does not necessarily happen within a few months of
transmission in spite of the peak viral loads of ~10” copies/ml
plasma that occur during acute infection; rather, reversion may

not occur for some years (42, 47, 80). This suggests that in some
cases, the fitness costs of these mutants may be mitigated by an
unpredictable combination and variety of compensatory mutants,
the precise nature of which may vary from patient to patient
and therefore that may be difficult to pinpoint. Alternatively, if
viral loads are high and immune responses are weak, selection
pressure may not be sufficient to discern between viruses with
modestly differing VRC. Put another way, the selection pressure
for reversion may be relatively weak in such settings, whereas the
original pressure for the selection of the escape mutant must have
exceeded the cost to VRC.

There is some evidence in support of this latter hypothesis
from studies of infected children. In contrast to adult infection, in
which a vigorous immune response brings viral load to a setpoint
within 6 weeks of infection, viral loads in ART-naive children
remain at >1 X 10° copies/ml for the first year or more and decline
slowly to a quasi-setpoint at around 5 years of age (86, 87). This
gradual decline in viremia in childhood infection coincides with
the development of a more effective CD8* T-cell response with
increasing age (88), and it appears that reversion of mutants, such
as T242N, in HLA-B*57/58:01-negative children is delayed until
the maturing antiviral immune response is sufficiently potent to
impose significant traction on the virus (80).

Impact of Transmission of Escape

Variants: HLA-Matched Recipients

We establish above the fact that HLA-B*27-driven escape
mutants typically include variants that abrogate HLA binding of
the variant peptide that can be transmitted, and that, in the case
of epitopes such as KK10, these variants do not normally revert
post-transmission. One would predict, therefore, that the HLA-
B*27-positive recipients of these variants would fail to generate
any of the responses that would be expected to drive selection
pressure on the virus (Figure 2). The impact of escape-variant
transmission to HLA-B*27-positive adults has not been reported
to date. However, in a small study of six HLA-B*27-positive,
HIV-infected children, a KK10 response was not detectable in the
children who were recipients of R264X variants from the mother,
and progression was relatively rapid. By contrast, when wild-type
KK10-encoding virus was transmitted, a strong KK10 response
was evident. Indeed, one such child was a very rare pediatric “elite
controller,” with viremia remaining below the limit of detection
(<50 ¢/ml) for almost a decade. Progression finally occurred fol-
lowing the selection of the R264T mutant and loss of the KK10
response (89).

The outcome of escape variant transmission would differ
from the scenario described for KK10 above if the escape mutant
did have a significant fitness cost. An example here is the HLA-
B*57/58:01-associated escape mutant T242N, described above,
commonly driven by the TW10 response restricted by these
alleles (Figure 2). Like R264K, T242N is a variant that signifi-
cantly reduces VRC; however, S173A almost perfectly repairs the
damage caused by R264K, the H219Q/1223V/M228L combina-
tion of compensatory mutations for T242N incompletely restores
VRC (32). The fitness cost of T242N does vary quite consider-
ably between individuals (90), depending upon the overall Gag
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No viral fitness cost
(no impact on VRC)
(eg B*27-KK10: R264K/S173A)

HLA-matched
recipient

HLA-mismatched
recipient

No KK10 response No CTL impact
No viral fitness cost No viral fitness cost

| |

cost to host no effect on host

Transmission of escape mutation

* In the case of T242N, the variant is also immunogenic and capable of inducing a variant-specific response.

FIGURE 2 | Impact of transmission of escape mutant to HLA-matched and to HLA-mismatched recipient. Two examples are shown to illustrate differing
impact of transmission of escape variants. Left: transmission of escape mutation (R264K) where the virus is fully compensated by the compensatory mutation
S173A. Right: transmission of escape mutation (T242N), where the compensatory mutant H219Q does not fully restore viral fitness (H219Q).

Viral fitness cost
(negative impact on VRC)
(eg B*57-TW10: T242N/H219Q)

HLA-mismatched
recipient

!

No CTL impact
Reduced viral fitness

|

benefit to host

HLA-matched
recipient

No TW10 responset
Reduced viral fitness

mixed/neutral
impact on host

sequence context in which it sits, and the timing of reversion of
T242N back to wild type can range from months to years fol-
lowing transmission to an HLA-B*57/58:01-negative recipient
(47). Therefore, the consequence for HLA-B*57/58:01-positive
recipients of T242N escape variants is mixed: on the one hand, the
virus has lower VRC and this is therefore a benefit; on the other
hand, the recipient is deprived of the TW10-specific response.
A further complication here is that the T242N variant does not
prevent binding of TW10 to HLA-B*57/58:01, and a T242N-
specific response can be generated (91). However, the efficacy of
variant-specific responses, such as these, is not well established as
the variants are often less immunogenic than the wild-type (92).
The precise cost/benefit balance to the newly infected recipient
might hinge on the degree of compensation achieved by the virus
to recover the fitness cost of the escape mutant and the potency
of the CD8* T-cell response that is nullified by transmission of
the escape variant.

Impact of Transmission of Escape

Variants: HLA-Mismatched Recipients

In the situation where these two respective mutants are transmit-
ted to HLA-mismatched recipients, the effects would be nil in the
case of the fully compensated R264K variant and of benefit to the
recipient in the case of the T242N variant that still carries a fit-
ness cost (Figure 2). This process, then, of transmission of escape
mutants would only be detrimental in the minority of cases where
the HLA of the recipient happened to match that of the donor.
This result is precisely that described in studies of Zambian adult
transmission pairs (82, 84) showing that newly infected individu-
als fared better in terms of CD4 count and viral setpoint if the
virus they were infected with carried escape mutants associated
with protective HLA-B alleles such as HLA-B*57/58:01/81:01,

unless the new recipients themselves carried those same protec-
tive alleles as the donor. In other cases, all things being equal,
transmission of virus with low VRC results in higher CD4 counts
and lower viral loads in the recipient.

Accumulation of Escape Variants at the

Population Level

The observation that escape mutants with effectively no fitness
cost attached could be transmitted and persist long term in
HLA-mismatched recipients would suggest that over time, the
frequency of these escape variants would increase and eventually
become the dominant form. An indication that this process might
indeed be occurring arose from the statistical data describing
associations between certain HIV amino acid polymorphisms
and expression of particular HLA class I molecules, as described
above (75). The majority of these associations are between the
HLA molecule and the minor variant - for example, R264X
(where Xis K/G/T/Q) is found in ~10-20% of HLA-B*27-positive
individuals and in 5-10% of HLA-B*27-negative subjects (47).
However, a small number of these HLA associations with HIV
amino acid polymorphisms show a negative association between
the relevant HLA molecule and the minor variant, and thus the
HLA association is with the consensus sequence. One example
is the HLA-B*27 association with an Arg — Lys substitution
at Nef-184 (Figure 1). In fact, the consensus sequence has Lys
at Nef-184. One possible explanation for such a negative HLA
association with the consensus residue would be that this escape
mutant has accumulated over time to replace the original “wild-
type” residue. Such epitopes have been termed “negatopes” (93),
both for the reason that they are epitopes containing a residue
negatively associated with the restricting HLA molecule and
because a peptide synthesized according to consensus sequence
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would carry the escape mutant, and therefore even ifa CD8* T-cell
response existed, it would almost by definition not be detected.
The first example was the Nef epitope KAAFDLSFF (Nef residues
82-90), which is restricted by the closely related HLA molecules
HLA-B*57 and HLA-B*58:01. The escape mutation is the A - G
substitution at P2 in the epitope, which substantially reduced
binding of the variant to HLA-B*57/58:01. In C clade infection,
the A83G variant is in fact present in >50% of sequences overall.
Thus, peptides synthesized based on the consensus would be test-
ing recognition of the escape mutant KGAFDLSFF that does not
bind efficiently to HLA-B*57/58:01, and therefore no response
would be detected even when a strong response to the wild-type
KAAFDLSFF was present.

Other factors than the simple accumulation of escape mutants
over time might contribute to the presence of an escape mutant at
high frequencies in the population include, in particular, founder
effect. For this reason, it is necessary for sequences to be “phylo-
genetically corrected” (94) in order to exclude founder effect and
verify identified HLA associations. An example here would be the
presence of a handful of C clade sequences from infected Africans
among a large cohort of mostly B-clade-infected Caucasians.
Without phylogenetic correction, the analysis would generate
artifactual HLA associations between HLA alleles prevalent in
Africans (such as HLA-C*17:01) and polymorphisms specific to
C clade virus, when no biological link exists. The persistence of
HLA associations following phylogenetic correction supports the
notion that HLA, if not the only driving force, is at least contribut-
ing to the accumulation of escape mutants in the population. An
example here may be the HLA-B*35:01 escape mutant D260E

within the NY10 epitope (NPPIPVGDIY, Gag 254-262; Figure 3).
In Cclade infection, while 72% of HLA-B*35:01-positive individu-
als carry the escape mutant D260E, Gag-260-D is present in 70%
of sequences and is therefore the consensus. However, in B clade
infection, 96% of HLA-B*35:01-positive individuals carry D260E,
Gag-260-D is present in only 12% of sequences, and Gag-260-E
is therefore the consensus. Since this D260E mutant appears to
carry no fitness cost (68), it is likely that HLA-B*35:01-NY10-
specific CD8* T-cell activity is contributing to the accumulation
of D260E in B and C clade virus populations (95).

The second line of evidence suggesting that CD8* T-cell
escape mutants may be accumulating at the population level over
the course of the epidemic derives from the observation, among
nine ethnically diverse cohorts of HIV-infected individuals, of
a strong correlation between the frequency of escape mutants
and the prevalence of the relevant HLA molecule in each study
cohort (47). In Japan, for example, where HLA-B*51 is expressed
in 20-25% of the population, the HLA-B*51-associated escape
mutant Pol-I135X is present in two-thirds of HLA-B*51-
negative population. I135X is selected in acute infection in
>95% of HIV-infected, HLA-B*51-positive individuals, and
the I135X variants, with one rare exception, have no impact
on viral fitness. Hence, the conditions for rapid accumulation
of this variant at the population level are met (97) (Figure 3).
In Caucasian populations where HLA-B*51 prevalence is
~10%, the frequency of I135X is ~30% in HLA-B*51-negative
individuals; and in African populations where the HLA-B*51
phenotypic frequency is low (1-4%), the frequency of the I135X
variant is also correspondingly low (~15%). Surprisingly, these
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FIGURE 3 | Variable speed of variant accumulation. (A) Frequency of HLA-B*35:01-driven D260E variant in a C clade-infected population in which
HLA-B*35:01 is at low prevalence (phenotypic frequency 4%) compared to a B clade-infected population in which HLA-B*35:01 is at high prevalence (15%).

(B) Frequency of HLA-B*07:02-driven S357G variant in two comparable Durban cohorts, enrolled in 2002-2005 and 2012-2013. These examples shown in (A,B)
illustrate escape mutants selected early in the course of infection by a high proportion of subjects expressing the relevant HLA allele, which confer little fitness cost
on the virus. Therefore, the variant accumulates rapidly in the population. (C) Frequency of HLA-B*57/58:01 A83G variant in two cohorts. The third example of rapid
accumulation of an escape variant selected early in the course of infection, conferring little fitness cost that accumulates rapidly in the population. (D) Frequency of
HLA-B*81:01-driven variant T186X. This example illustrates a variant conferring a high fitness cost on the virus, but for which compensatory mutations have only
very modest effects. Therefore, the T186X variant accumulates very slowly in the population. Data from Kawashima et al. (47), Leslie et al. (93), and Payne et al. (96).
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studies additionally showed evidence of accumulation of escape
mutants known to carry a fitness cost on the virus, although as
expected these appeared to accumulate at slower rates than the
mutants with no fitness cost attached.

The third study, comparing the frequency of escape mutants at
the population level at the same location in Durban, South Africa,
at two time points 10 years apart (2002-2005 and 2012-2013),
showed a significantly increased frequency of CD8* T-cell escape
mutants, further supporting the notion that these escape mutants
are increasing at the population level over time (96). A similar
study of the North American epidemic (98) also showed an
increase in the frequency of escape mutants over time, although
the relatively modest twofold increase in frequency over a 20-year
period may reflect a less dramatic HIV epidemic than that
experienced in sub-Saharan Africa. In addition, the ethnically
homogeneous Zulu cohorts in Durban, relative to the ethnically
heterogeneous cohorts in North America, might generate a more
focused selection pressure and therefore a speedier accumulation
of mutants in the African population.

Thus, several lines of evidence point to an accumulation of
escape mutants over time in different cohorts, although rate of
accumulation might vary according to the population structure,
the scale of the epidemic, and the nature of the particular escape
mutant (Figure 3).

Population-Level Accumulation of Escape
Mutants and Loss of Protective HLA

Impact

One might predict, from the data presented above, that escape
mutants would accumulate over the course of the HIV epidemic,
albeit at differing rates, and that this would have two potential
consequences. First, if the HLA associations with slow disease
progression, such as have been described for HLA-B*27, hinge to
any extent on particular epitopes, the loss of those epitopes might
be likely to affect the HLA association with disease outcome.
Second, if the escape mutants that accumulate at the population
level carry a fitness cost compared to the original “wild-type”
virus, this would tend to bring the average replicative capacity of
the circulating viruses in the population down. Evidence for these
two possibilities will be discussed below.

The clearest evidence that HLA associations with HIV disease
outcome are influenced by the availability of certain CTL epitopes
comes from the SIV-macaque model of HIV infection. The MHC
molecule Mamu-B*08 in SIV-infected Indian rhesus macaques
is similar in several respects to HLA-B*27 in HIV-infected
humans. First, it is associated with successful suppression of
viremia and with slow progression in SIV infection (99). Second,
the Mamu-B*08 peptide-binding motif is so similar to HLA-B*27
that in some cases, the same peptides can bind both Mamu-B*08
and HLA-B*27; in fact, the SIV-specific Mamu-B*08-restricted
CD8* T-cell epitopes include the exact homologs of the HIV-
specific HLA-B*27-restricted epitopes (100). Finally, the domi-
nant Mamu-B*08-restricted CD8* T-cell epitope is located in a
highly conserved region of the proteome, escape from which is
therefore limited by fitness constraints. In the SIV model, the
question could then be addressed of whether control of SIV

infection would be lost if viruses carrying escape mutants in all
the critical Mamu-B*08 epitopes were engineered into the infect-
ing strain of virus. This experiment was performed (101) and the
result was that control of SIV was indeed compromised by loss
of these epitopes. Furthermore, failure to control this virus was
in spite of the reduced VRC incurred as a consequence of all the
additional mutants. Although the experiment was not done, it is
possible that this “escaped” virus might have been well contained
in Mamu-B*08-negative animals, owing to the lower VRC.

In HIV infection, examples of the impact of transmission
of CTL escape mutants to HLA-matched individuals initially
were mostly anecdotal. The negation of the protective effect of
HLA-B*27 in children whose mothers transmit the KK10 escape
variants has already been described above (79). Larger studies
of mother—child pairs support these initial findings (80). In
adults, studies of epidemiologically linked Zambian transmis-
sion pairs also indicate that disease progression is more rapid
following transmission of CTL escape variants to HLA-matched
recipients than following transmission of the wild-type virus (43,
82; Carlson, Personal communication). Thus, the evidence does
suggest that immune control is reduced and HLA associations
with slow progression would be disrupted by the accumulation
of escape mutations over the course of the epidemic.

The second line of evidence supporting the data from transmis-
sion pairs is that emerging from studies of clade-specific differ-
ences in HLA associations with particular HIV disease outcomes.
An example has been mentioned of the difference between B and
C clade HIV with respect to the residue at Gag-260: in B clade,
this is Glu in 88% of cases, whereas in C clade, this residue is Asp
in 70%. The Gag epitope NPPIPVGDIY (“NY10”; Gag 254-262)
is only immunogenic when Asp is present at Gag-260, and hence
the great majority of B clade-infected individuals who are HLA-
B*35:01-positive cannot make a response to NY10. However, in C
clade infection, the majority if HLA-B*35:01-positive individuals
can make a response to NY10. Since this NY10 response is asso-
ciated with a 1log' reduction in viral load (95), it is likely that
this contributes to the differential clade-specific HLA-B*35:01
association with HIV disease outcome, that is, with rapid progres-
sion in B clade infection and no association with rapid progression
in C clade infection. Similar data are published with respect to
the HLA-B*07:02-restricted p24 Gag-specific epitope, which is
immunogenic in C clade infection but “escaped” and non-immu-
nogenic in B clade infection (102). In parallel, the association of
HLA-B*07:02 with rapid progression in B clade infection is not
observed in C clade infection. Therefore, these data support the
notion that infection with a virus that is preadapted to the HLA
type of the recipient will typically have two results. First, infection
will result in worse outcome. Second, the prevailing HLA associa-
tions with protection against disease progression will be disrupted.

The data that HLA associations with HIV disease outcome
could already be altering over time are, as one might expect,
somewhat limited after the relatively short timescales over which
the HIV epidemic has been operating. However, there is evidence
that in the 1980s in Japan, early in the epidemic, HLA-B*51 was
associated with slow progression in HIV infection (12, 14, 47),
whereas 25 years later, it no longer affords any protective effect
(47). This loss of protection mediated through HLA-B*51 over
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a 25-year period in Japan is associated with the apparent rise
in frequency of the I135X mutation abrogating binding of the
dominant TAFTIPSI (RT 128-135) epitope described above.
Consistent with this picture are the data indicating that non-
progression in subjects expressing HLA-B*51 may hinge on the
lack of escape in the TAFTIPSI epitope (103).

More recently, Payne et al. (96) studied the impact of HIV on
HLA adaptation in Botswana, one of the countries most severely
affected by the epidemic, with high seroprevalence taking off in
the 1980s and rates of adult infection that approached 30% by
2000. Even today, adult seroprevalence in Botswana remains at
23%. Although South Africa is the country with the highest abso-
lute number of HIV infections, exceeding >6 m people currently,’
the duration of the epidemic and the magnitude in terms of adult
seroprevalence is substantially less than that in Botswana (WHO
Report 2013?). As expected, the degree to which HIV at the popu-
lation level is adapted to the HLA class I molecules expressed in
the infected individuals in Botswana was substantially higher
than that in South Africa. Of note, this increased population-
level adaptation of HLA also applied to the related protective
HLA alleles HLA-B*57 and HLA-B*58:01, although not to the
protective HLA-B*81:01. This finding prompted the question of
whether the protection against disease progression that is typi-
cally mediated by HLA-B*57/58:01 is diminished in Botswana
compared to South Africa. Strikingly, there was no significant
protection against disease progression, as indicated by viral load,
afforded by HLA-B*57/58:01 in Botswana. However, in the case
of HLA-B*81:01, this allele remained protective in Botswana as
in South Africa.

This is a striking result because HLA-B*57/58:01 has been
universally associated with the successful suppression of viremia
in all the previous studies where sufficient subject numbers have
been sampled (12, 15, 16, 35-40). The number of subjects studied
in Botswana was relatively high (n > 400), of whom 90 expressed
HLA-B*57/58:01. As described above, there is evidence also
from comparable cohorts in Durban recruited, respectively, in
2002-2005 and in 2012-2013, that CD8" T-cell escape mutants
are accumulating, and one would predict therefore that loss of
HLA-B*57/58:01 protection against disease progression would
eventually be demonstrated also in South Africa.

It might initially appear surprising that HIV would be able
to adapt to certain HLA alleles, such as HLA-B*57/58:01, and
not others, such as HLA-B*81. However, as described above (see
Figure 3), it is well documented that certain escape variants are
selected at very high frequency, early in the course of infection,
and incur little fitness cost to the virus, and hence would accu-
mulate rapidly, whereas others would accumulate substantially
more slowly. The HLA-B*81:01-driven escape mutant T186X
within the dominant Gag epitope TL9 (TPQDLNTML, Gag
180-188) may be such an example (Figure 3), being present in
only 25-30% of chronically infected subjects expressing HLA-
B*81:01, and carrying a high fitness cost, without clear com-
pensatory mutants being identified to date (60; Tsai, Personal
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communication). So, accumulation of this latter escape mutant
would be slow, and HLA-B*81:01 may remain a long-term pro-
tective HLA allele in HIV infection as a result.

Population-Level Accumulation of Escape

Mutants and Impact on HIV Virulence
Markers of Virulence

The population-level adaptation of HIV to a high proportion of
all the HIV-specific CD8* T-cell responses generated against the
virus, including most effective responses that are restricted by
HLA-B*57/58:01, prompts the question of what impact do these
events have on virulence of the epidemic. Virulence refers to the
ability ofa microorganism to cause disease (104). Both viral setpoint
and CD4 count have been used as proxy measures of virulence,
since the former predicts rate of progression (105) and the latter
indicates risk of opportunistic infections (106); indeed, a CD4
count of <200 cells/mm? is one definition of AIDS. However, it is
worth noting that these measures are not synonymous with disease
progression (107). Indeed, it has become increasingly apparent
that immune activation is a better marker than viral load of disease
outcome (108). The most obvious example of this is natural SIV
infection in African non-human primates, such as the sooty man-
gabey and the African green monkey, in which non-pathogenic
infection operates in the setting of persistent, high viremia and
low immune activation (109, 110). Non-progressive pediatric
HIV infection is an example in humans of the same disconnection
between viral load and disease outcome, normal CD4 T-cell count
and function, and low immune activation in the setting of per-
sistent high viremia (Adland, Personal communication). In adult
HIV infection, immune activation levels predict disease outcome
better than viral load (108, 111), and CD4 decline to AIDS can be
observed in elite controllers (whose viral load is undetectable) as
a result of the strong correlation between absolute CD4 count and
immune activation (112).

The underlying mechanism by which immune activation
is maintained at low levels in the setting of high viremia in the
sooty mangabey and African green monkey appears to be related
to strong immunoregulatory activity that follows a robust innate
immune response to SIV in acute infection (110, 113). It is likely
that host-specific variation in immune activation following HIV
infection may, in part, explain differential disease outcome in
HIV infection, although the clearest host genetic impact on rate
of progression arises from differences in HLA class I molecules
expressed (114). However, an additional possibility has recently
been proposed that VRC of the transmitted virus has an impact
not only on viral setpoint and CD4 count in the recipient (82,
84) but also more directly on the level of immune activation
(115). This relationship between VRC of the founder virus and
early immune activation in the recipient is independent of viral
load. In addition, as described also in natural SIV infection (116),
low immune activation in this study was associated with small
viral reservoirs in naive and central memory CD4* T-cells. This
helps to explain why donor and recipient viral load in transmis-
sion pairs are strongly correlated (117). Therefore, together these
studies would indicate that VRC may be a stronger predictor of
virulence than viral load.
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Changing Virulence in the HIV Epidemic - HLA
Effects

The accumulation of escape mutants, including those reducing
the replicative capacity of HIV, would suggest the possibility that
population-level VRC would decline over time (118). The study of
Payne et al. (96), referred to previously, showed that the substan-
tially higher level of population-level adaptation of HIV observed
in Botswana compared to South Africa was indeed associated
with a significantly lower median VRC. As indicated above, VRC
may be a more direct indicator than the other measurements used
as a proxy for virulence, namely viral load and CD4 count (115),
although correlations between VRC and viral load, and/or inverse
correlations between VRC and CD4 count are described in all
published studies to date (50, 58, 60, 96, 119-123), including that
of Payne et al. (96). These data in Botswana suggested that time
to AIDS in the absence of ART would be extended on average by
~2.5 years (124) as a result of the viral adaptation observed.

Changing Virulence in the HIV Epidemic — Non-HLA
Effects

A further question here is whether the lowered VRC in Botswana
was entirely due to the differential population-level HLA adapta-
tion or whether other factors may have contributed. It seems
likely that more widespread use of ART, as has occurred in
Botswana compared to South Africa, would result in lowering of
population-level VRC. In the absence of ART, the fittest viruses
are those associated with high viral load and low CD4 count, and
therefore these are the viruses most likely to be transmitted. In a
population in whom ART is systematically given to infected sub-
jects with high viral loads and low CD4 counts, the transmission
rates overall will be reduced, but the viruses transmitted will tend
to arise from donors who have relatively high CD4 counts and
therefore relatively low fitness viruses. Mathematical modeling
of the impact of ART in virulence also appears to support this
hypothesis (96).

Several other studies have been undertaken that have exam-
ined the question of whether HIV virulence is changing over the
course of the epidemic, and, if so, in what direction. Herbeck et al.
(104) published a review of 32 European/North American studies
on the B clade epidemic, 12 of which indicated that there was no
change, nine indicated an increase, and 11 a decrease in virulence.
Subsequent to this review, further studies have suggested a decrease
in virulence in the HIV epidemic in Japan, as determined by chance
population-level VRC (122), and the study of the mainly European
CASCADE cohort [Concerted Action on SeroConversion to AIDS
and Death in Europe (125)] indicated increasing virulence from
the early 1980s to 2002, followed by a plateau or slight decline
thereafter in CD4 counts and viral load, respectively.

These studies undertaking estimates of changing virulence
face several challenges, including population heterogeneity, the
discrepancies between different viral load testing platforms,
accurate definition of seroconversion date, and taking account
of the impact of widely diverse ART initiation strategies and
guidelines. However, the CASCADE study adjusted for possible
confounders using several approaches, and it is useful to consider
other possible reasons why the findings of these various studies
might be so diametrically opposite.

One major potential factor is clearly the very different type
of epidemic operating in the European and North America
versus the sub-Saharan Africa: the sub-Saharan epidemic is
mainly comprised of women infected with C clade virus via sex
with men, whereas the majority of study subjects in European/
North American studies are of B clade-infected men who have
sex with men (MSM). These differences alone will bring a
number of other factors into the equation, such as the transmis-
sion of other viral infections, such as CMV, HSV2, hepatitis
B, and hepatitis C, all of which have a detrimental impact on
the ability of the immune response to control HIV infection
(126). In these instances, measurement of VRC might indeed
provide a closer estimate of virulence. In the case of CMV, in
sub-Saharan Africa, virtually all individuals are infected by the
age of 12 months, whereas in Europe and North America, only
50% of adults are CMV seropositive. The impact of comorbidity
is difficult to evaluate; however, since poverty, malnutrition, and
preexisting high prevalence of diseases, such as TB and hepatitis
B, in sub-Saharan Africa would tend to decrease mucosal bar-
riers to infection, and potentially enable lower fitness viruses to
be transmitted that would not be transmitted in the setting of a
healthy mucosal barrier.

The impact of wide availability of antiretroviral drugs for
the past 20 years for infected individuals in Europe and North
America, and not to the same extent in sub-Saharan Africa, is
likely to increase the proportion of transmissions that occur in
acute or early infection, and therefore involving the fittest and
most virulent viruses. The estimates of the percentage of trans-
missions that occur during acute infection in the donor range
widely between studies, from 1 to 50%, with a consensus figure
of ~25% (127-134). If the proportion of transmissions occurring
during acute infection is higher in the MSM epidemic, as appears
likely, especially in the European/North American epidemic
where later infection is blocked by a very efficient treatment pro-
gram, this might tend to favor increasing virulence. Furthermore,
in relation to the rate of accumulating CTL escape mutants, early
transmission would likely preempt the serial passaging of virus
from one individual to another before the action of the cellular
immune response on the virus, also diminishing the HLA impact
on virulence described above.

CONCLUSION

HLA has had a dramatic impact in a short period of time in shap-
ing evolution of HIV as it has adapted to evade the most effective
CD8* T-cell responses generated against it. In Southern Africa,
where the epidemic has most severely affected populations, there
is evidence that accumulating escape mutants in some of the
critical epitopes for immune control is associated with dimin-
ished protection afforded by the restricting HLA alleles. However,
although HLA alleles, such as HLA-B*57, may be losing its pro-
tective impact, nonetheless, the legacy to the population of the
accumulating HLA-B*57-driven mutants is of a gradual lowering
of the population-level viral fitness. As ART coverage increases
dramatically in these parts of the world where the epidemic is
most highly concentrated, so it is likely that the proportion of
transmissions that arise in acute infection may increase. If this
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is the case, it is possible that HLA may have less of a role than
hitherto. However, the goal of reaching all HIV-infected individu-
als with ART, and maintaining viral suppression in those treated
individuals, is an extraordinary challenge, and it remains to be
seen what impact HLA will have on HIV evolution in the future.
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