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Abstract: The human leukocyte antigen (HLA) gene loci are key in human immunodeficiency virus (HIV) antigen presentation leading
to an immune response to infection. The high genetic variation in these gene loci forms the basis of the host’s ability to mount immune
responses to different viral epitopes. Polymorphisms of the HLA will impact susceptibility to HIV infection, disease progression, and
treatment. This review aims at giving an overview on the role of HLA gene polymorphisms on HIV acquisition, rate of disease progres-
sion, and treatment outcomes. Understanding the HIV epitope-HLA complexes during infection might provide insight into the design
of multi-epitope HIV vaccine for different populations.
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Introduction

The course of human immunodeficiency virus (HIV)
infection varies among individuals, and is thought
to be controlled by highly heterogeneous host fac-
tors, immunologic responses, and viral pathogenic
factors.!? Disease susceptibility, progression to
clinical disease, and treatment outcomes are driven
by host-virus genetics together with environmental
factors. In practice, HIV infection is monitored by
analyzing changes in CD4* T lymphocytes and plasma
HIV RNA concentrations (viral load) together with
clinical symptoms. Host genetic factors that deter-
mine these changes are often less well understood.**
The evolution of both the host and the virus genomes
provide a driving force for the selection of favorable
or deleterious factors. The human genome is littered
with remnants of retroviral genes from previous expo-
sure and about 8% of the human sequence is derived
from these remnants.” The presence of these rem-
nants has revolutionized human immune responses
to retroviruses, partly through development of new
genetic loci critical for immune functioning.® Prior to
the antiretroviral drugs era, control of HIV infection
was solely based on host immune responses to con-
trol replication. However there is high genetic diver-
sity in the proteins shaping the immune responses, an
avenue needing exploitation in the development of
potent HIV vaccines.’

The major histocompatibility complex (MHC), a
large genetic complex with multiple loci, is located
on the short arm of chromosome 6. It has highly
polymorphic human leucocyte antigen (HLA) genes.
Loci within the MHC encode two major classes of
membrane bound glycoproteins: class I and class
I HLA molecules. HLA class I molecules bind to
endogenous antigenic epitopes and present them to
CD8* T lymphocytes, while HLA class II molecules
present antigenic peptides to CD4* T lymphocytes.
The polymorphic nature of HLA genes allows the pre-
sentation of a wide range of peptides to the immune
system, hence their influence on HIV disease recog-
nition and/or progression. HLA gene polymorphism
is highly linked to the rate of disease progression.®
Cytotoxic T lymphocytes (CTLs) responses, key
to the control of viral infections, are influenced by
HLA presentation of antigens. CD8* CTLs have
been shown to confer protection from viral infection
through cytolysis and cytokine production. There are

strong HIV-1 specific CTLs responses during the
acute infection phase which are linked to control of
viral replication, resulting in a decrease in viral load.
Although some data bring into question the effective-
ness of CTLs responses in the curtailment of viral
replication during chronic HIV-1 infection,” CTLs are
considered to represent an important arm of protec-
tive immunity in the early stage of infection. Indeed,
maintenance of CTLs throughout the asymptomatic
phase of HIV-1 infection has been directly visual-
ized using peptide/MHC tetrameric complexes.'®!?
Individuals persistently exposed, but uninfected, are
thought to mount protective CTLs responses.'* HLA
restricted viral escape of CTLs is based on mutations
on or around the immunogenic epitopes (processed
viral antigens presented by HLA class I alleles). It is
possible to predict the CTLs escape based on the host
HLA profile,'* that is correlation between HLA alleles
and HIV polymorphisms are used to identify sites of
immune selection on the viral genome and pathways
of escape." This review aims to discuss the role of
HLA gene polymorphism in HIV-1 susceptibility,
transmission, disease progression, and treatment
outcomes.

HIV Susceptibility and Transmission

Advances in molecular techniques have allowed
the elucidation of HIV susceptibility gene loci.'t
Carrington et al showed that heterozygosity of the
HLA class I loci (HLA A, B and C) was associated
with slow HIV disease progression whilst homozygos-
ity was associated with slower disease progression.!’
This can be attributed to the fact that heterozygosity
allows a diverse number of viral antigens to be pre-
sented to effector cells and hence allowing a higher
chance of controlling HIV replication. Sharing of
HLA alleles between or among individuals influ-
ences HIV-1 transmission amongst these people.'®!8
Dorak et al used cohabiting Zambian heterosexual
couples to show that HLA B allele sharing amongst
these couples was independent of intracouple trans-
missibility of HIV-1." There is a high chance of
HIV-1 transmission between HLA concordant virus
donor and recipient. The mechanisms of immune
evasion in these individuals are generally similar,
when taking into consideration the high genetic
diversity of the virus itself.!®!” In mother to child
HIV-1 transmission, the virus easily adapts in the
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new host if the mother-infant pair is haploidentical.
The infected mothers may transmit the virus to their
infants in utero, intrapartum, or postpartum, through
breastfeeding.”*?' Free floating HIV particles and
HIV-infected cells from the mother display maternal
MHC and hence activate fetal/newborn anti-MHC
antibodies or alloreactive T cell responses. There is
an increased risk of intrauterine, intrapartum, or early
breast milk HIV transmission if there is concordance
in HLA class I between the mother and child. The
relative HIV protection associated with HLA discor-
dance in mother-infant pairs can be attributed to allo-
geneic immune responses.” A study by Goulder et al
reported that HLA B*27* infants born to HLA B*27*
mothers were not clinically fit despite the protective
role of the HLA genotype.” In this study, children
who inherited the B*27* allele from their father were
slow progressors. The discrepancy was attributed to
infection by mutated virus strains, ascertaining the
collective role of host-pathogen molecular genetics
in fashioning HIV transmission.”® Schneidewind et al
found that HLA B*57* infants born to B*57* mothers
controlled viremia, whilst B*57~ infants born to B*57*
mothers rapidly progressed to clinical AIDS.* This
suggests that the B*57 gene variant controls HIV
fitness, not CTLs advantage. HLA footprints can be
traced in viral genomes, and may be useful in predict-
ing viral immune evasion.'6*

HLA gene variants in patients with autoimmune
diseases have also been linked to control of HIV
infection. Chen et al described the association of HLA
gene variants in psoriasis (a common autoimmune
disease) patients and HIV control compared to healthy
individuals. HLA B*27 and HLA B*57 were the most
dominant gene variants seen in psoriasis patients®
and are known to play a protective role against HIV
acquisition. The presence of HIV protective HLA
gene variants in Chen et al’s study was unique to
psoriasis as compared to other autoimmune conditions
such as Crohn’s disease, rheumatoid disease, coro-
nary heart disease, and diabetes (both types I and II).
Results from this study were suggestive of activation
of antiviral immunity as a result of excessive skin
inflammation (psoriasis).*® It is important to note that
results from Chen et al’s study suggest that the asso-
ciation of HLA gene variants in psoriasis and HIV
control may be attributed to linkage disequilibrium
rather than structural similarities of HLA molecules.

The fact that there is shared amino acid homology
between psoriasis and HIV antigens that bind to the
HLA B groove cannot be ascertained.>*

Most HIV transmission is through the mucosal
epithelium. Thibodeau et al reported no association
between soluble HLA G (sHLA G), a non-classical
HLA class I molecule, and an increased risk of HIV
transmission in commercial sex workers in Benin.
The presence of sHLA G in genital mucosa was also
not associated with bacterial vaginosis in this study.?”’
Non-classical HLA 1 molecules (HLA E*0103 and
HLA G*0105) have a potentially low affinity for
inhibitory natural killer (NK) cell receptors associated
with a low risk of HIV acquisition. These rare alleles
have been shown to have both an independent and
synergistic effect on HIV susceptibility and acquisi-
tion in a Zimbabwean population.”® HLA G has been
shown to inhibit NK cells and CD8 CTL function®**?
and CD4 proliferation.>* This non classical HLA mol-
ecule is associated with heterosexual transmission of
HIV.>” A recent study in ART naive Kenyan women,
showed less likelihood of perinatal HIV transmission
in HLA G*01:03" mothers compared to those with
HLA G*01:03” genotype. There was no association
between transmission rate and mother-child HLA G
concordance in this study.*’

HLA class Il molecules influence virus specific CD4
responses and HIV-specific CD8 CTL.***” There is
limited information as to how class II HLA molecules
influence susceptibility and transmission of HIV. HLA
DR1*01 was associated with protection to HIV infection
in high risk population (commercial sex workers) in
Kenya. This allele is associated with efficient viral anti-
gen presentation to CD4 T lymphocytes, which target
HIV p24 leading to decreased virus load.”

Rare HLA alleles may confer selective advan-
tage to individuals, coupled with control of viral
replication. The virus is forced to evolve to these
rare alleles thereby compromising viral fitness. It
is important to note that HIV escape mutants corre-
late with the prevalence of restrictive HLA alleles®
and hence the virus adapts to these alleles over time,
especially in populations with high frequencies of
these restrictive alleles. The protective role of HLA
B*57 and B*27 may decline with time as HIV adapts
to these alleles.'® Generally, there might be hope in
using the anti-HLA vaccine strategy against HIV in
reducing virus transmission.
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Disease Progression

HIV disease progression is clinically monitored as a
change in CD4* T lymphocyte counts and viral load
with time, clinical symptom manifestation, and appear-
ance of opportunistic infection or neoplasm among
HIV-infected individuals. In resource rich countries,
plasma viral load and CD4* T lymphocyte counts are
routinely measured during clinical follow-up and are
thus widely available for large numbers of patients.
These markers have been shown to be independent
predictors of HIV disease progression to severe
immunodeficiency. Viral set point is determined by
the equilibrium between HIV-1 replication and host
immune responses® and is an indicator of disease
progression.*” For analysis, log,, copies per mL are
used instead of absolute values as the fluctuations
with time are not clinically significant. HLA A and
HLA B present viral epitopes to T lymphocytes,
which may lead to control of viral replication. HLA C
on the other hand can present viral epitopes as well as
bind self-peptides and interact with NK cells. Since
HIV Nef down regulates HLA A and B expression but
not HLA C, it is possible that HLA C forms the basis
of HIV control.!*#4> Rajapaska et al showed better
HIV control by HLA B restricted CTLs as compared
to HLA A restricted CTLs. This same study showed
high interferon gamma (IFNYy) responses in HLA B
restricted CTL clones in comparison to HLA A clones,
supporting the polyfunctionality of HLA B CTLs.*
Variation amongst individuals in the viral set point is
approximately 4-5 log,  copies per mL. Single nucle-
otide polymorphisms (SNPs) on the HLA B and C
loci were identified to have an independent effect on
variation in the viral set point amongst individuals.*
Fellay et al identified a 9.6% and 6.5% variation in
total viral set point being contributed by SNPs on
HLA B and C loci, respectively. They also attributed
5.8% of total variation to a gene coding for RNA
polymerase 1 subunit upstream of MHC.

With advances in molecular biology, host factors
that contribute to HIV viral load and disease progres-
sion have been determined at the genomic level.*
Silva et al noted an association between HLA Bw4-
HLA B*57 and HLA Cw*18 with low HIV viral load
in Brazilian patients.* A related study by Lazaryan
et al demonstrated an association of low virus load
and the presence of Cw*18 allele regardless of the
presence or absence of the protective B*5703 allele

in a Zambian subtype C HIV infected cohort.*® HLA
Bw4 and HLA C are ligands for NK cell receptors
(KIRs) that stimulate cytotoxic activity of these
effector cells. The B*5703 allele is associated with
low viremia and selection of multiple HIV escape
mutations. Mutations in this allele are associated with
a decreased replicative capacity of HIV.*"*® However,
patients with this allele still progress to clinical
AIDS suggesting that an impaired replicative capac-
ity due to B*5703 is not enough to confer long term
protection.*’* In a related study, Yager et al showed
that HLA B*5101 restricted LI9 (an epitope in the
N terminal of the HIV integrase which strong binds
to HLA B*5101) variants evade CTL recognition.
Although the HLA B*5101 selects for a number of
LI9 variants that escape the CTL, there is a reduced
replication capacity of these viruses.*

A minor amino acid difference in HLA-peptide
recognition region might have a major impact on
epitope recognition and control of HIV replication.
Ngumbela et al showed that patients with B*5802 had
higher virus load and lower CD4* counts when this
allele contributed to overall CD8* responses in com-
parison to those patients with the B*5801. These two
HLA alleles only differ by three amino acid residues.™
Kl¢verpris et al demonstrated a better control of HIV
by HLA B*4201 individuals (measured by viral load)
when compared to HLA B*4202 individuals in a HIV
subtype C infected population.’ These two genotypes
only differ by one amino acid (Tyr in HLA B*4201
and His in HLA B*4202). This study had minimal
confounding effect of other HLA alleles since both
HLA B*4201 and HLA B*4202 are in strong linkage
disequilibrium with the same HLA A and C alleles.”' In
a related study, Grifoni et al showed that the Val poly-
morphism in position 194 of the o-3 domain (outside
of the peptide binding domain) of HLA B locus was
associated with long term non progression of HIV.
This single amino acid polymorphism was shown
not to be in linkage disequilibrium with HLA Bw4/6,
suggesting an independent protective role.*?

Feeney et al®®* and Oxenius et al** reported an
association between selection of escape mutants and
inability to control HIV virus load together with dis-
ease progression. It is important to note, however,
that this observed association does not cut across all
the known HIV epitopes.’>*® Two study findings by
Moore et al’’ and Brumme et al’® suggest that HLA
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associated polymorphisms interacting with the HIV
reverse transcriptase predicted high levels of plasma
virus load. These two studies contradict the results
by Iversen et al that suggested higher virus load in
patients with efficient CTL selection.> It should be
noted, though, that Iversen’s study investigated escape
to a single HLA restricted epitope when compared to
the other studies that looked at HLA associated poly-
morphisms to several HIV epitopes.>37-58

Several HLA class I alleles have been associated
with HIV disease progression. HLA alleles linked to
slow disease progression are: HLA A*02,>%° HLA
A*11,°° HLA B*27,°%6-6 HLA B*51,51%4% and HLA
B*57.51:% Alleles associated with rapid disease pro-
gression include; HLA A*24, HLA B*40,°° HLA
B*35, and HLA B*53.6768

HLA B*57 and B*27 have been shown to be pro-
tective in Caucasians®’° whilst B85801 and B*8101
have been reported to protect subtype C HIV infected
South African patients.* HLA G, a non-classical HLA
molecule, has also been associated with HIV disease
progression in ART naive population.” In a recent
study, Larsen et al showed that HLA G rs16375, a
14 base pair polymorphism, was associated with high
viral load, low CD4, and increased mortality in a four
year follow up study in a Zimbabwean cohort.”!

Although the exact mechanisms are poorly known,
the interplay of HLA class I imposed selection pres-
sure escape mutants and viral fitness might contribute
to the rate of disease progression.”” Late stage HIV
infection is characterized by low CD4*, with CD8"
T cells exhibiting less avidity, less polyfunctionality,
and very minimal differentiation,”>” Interestingly,
CD8" CTL predominantly target the genetically
diverse env, instead of the gag region, during late
clinical stages of AIDS. Reversion of mutant viral
strains to wild type in late stages of HIV infection
might explain the restoration of viral fitness coupled
with elevated viremia.”>"*

Heterozygosity of the HLA loci offers advantage
in delaying disease progression. Homozygosity was
linked to more rapid disease progression in both
Caucasians and Afro-Americans.”” HLA B locus
homozygosity was strongly associated with disease
progression in Dutch men who have sex with men
and Rwandan patients, with no strong association
with HLA C locus.® It is logical to attribute the
protective role of heterozygosity of HLA loci to an

enhanced ability to present several HIV epitopes to
effector cells. Ignoring the high mutational rate of
HIV-1, heterozygosity might contribute in the delay
of escape mutants during the course of infection.

Most individuals with documented protective HLA
alleles still progress to clinical AIDS.”*"" A recent study
compared CD8* T cell responses to immunodominant
HIV epitopes in treatment naive elite controllers and
chronic progressors.”® This study only included wild
type sequences to assess T cell responses to limit
the confounding effect of viral mutation to specific
epitopes. In this study, CD8* responses of elite control-
lers were found to be more efficient in inhibiting viral
replication compared to those of chronic progressors.
However, these observations were augmented by the
ability of dominant T cell receptor (TCR) clonotypes
in up-regulating perforins and granzyme B molecules
responsible for cell lysis. Results from this recent
study suggest a link between antiviral efficacy, shown
by protective HLA alleles and CD8* T cell clonotypes
selected during the course of HIV infection.”® Despite
the small sample size of 5 controller and 5 progressors,
this study indicates that TCR rearrangement drives the
protective role of HLA alleles and influences disease
progression.’®

Treatment Outcomes

With the advent of combination antiretroviral ther-
apy (cART), mortality for many has been reduced
and the lives of many HIV infected patients have
been prolonged.” However, prolonged survival may
be associated with drug resistance” and adverse
drug reactions (ADRs).’® Host immunogenetic
factors (including HLA polymorphisms) and other
genetic variations may directly or indirectly influ-
ence response to cART and development of ADRs.
The cART associated ADRs have varying sever-
ity, frequency, and clinical symptoms attributed to
the different antiretrovirals in the regimen.’’ A few
studies, involving predominantly subtype B HIV
infected individuals, have reported an association
of abacavir (ABC) hypersensitivity syndrome with
HLA-B57*01.'%882 Hypersensitivity is a result of
modulation of specific B*5701 restricted CD8* T cell
responses,® with the ABC recognition site within
the ‘pocket F’ of B85701 binding region. A study by
Ahuja et al, which evaluated the association of genetic
variation and HLA alleles with sensitivity to cART
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in two United States of America cohorts (predomi-
nantly subtype B HIV infected patients), reported
that CCL31-CCRS genetic risk status, but not HLA-
B*57, is apparently a good predictor of the recovery
rate of CD4" T lymphocytes during cART.* Other
HLA alleles associated with treatment outcomes of
HIV infection include DRB1*0101 and Cw*8 associ-
ated with nevirapine hypersensitivity.%

Concluding Remarks

Advances in molecular biology enable the under-
standing of the genetic basis of variability in HIV
susceptibility, transmission, disease progression, and
treatment outcomes. This field requires additional
research that is integrated with the highly variable
HIV genome. The studies on the interplay of host-
pathogen genetics which have largely been focused on
subtype B HIV infection should be further explored to
understand the role of HLA polymorphisms in subtype
C HIV-1 (responsible for the majority of HIV infec-
tions globally) susceptibility, transmission, and treat-
ment outcomes. Identification of viral epitope-HLA
complexes associated with disease progression may
be useful as a basis for formulating a multi-epitope
vaccine for HIV. Stable epitope-HLA complexes are
associated with an increased immunogenicity cou-
pled with virus control.**® It is thus critical to eluci-
date the host-pathogen molecular interaction with the
view of protective immunity in all major ethnic and
distinguished populations to concert the HIV vaccine
initiative.

Author Contributions

Conceived and designed the experiments: MT,
GDM. Analyzed the data: MT, GDM, LSZ. Wrote
the first draft of the manuscript: MT. Contributed
to the writing of the manuscript: GDM, LSZ. Agree
with manuscript results and conclusions: MT,
GDM, LSZ. Jointly developed the structure and
arguments for the paper: MT, GDM, LSZ. Made
critical revisions and approved final version: GDM,
LSZ. All authors reviewed and approved of the final
manuscript.

Funding

The review is supported by Grant Number
D43TWO007991 from the Fogarty International Center.
The content is solely the responsibility of the authors

and does not necessarily represent the official views
of the Fogarty International Center or the National
Institutes of Health.

Competing Interests

MT is supported by the Fogarty International Center,
National Institutes of Health (NIH-USA), through
the International Clinical, Operational and Health
Services and Training Award (ICOHRTA) Programme,
BIMR (award # U2RTWO007367) and the European
and Developing Countries Clinical Trials Partnership,
through the Trials of Excellence in Southern Africa
Grant (CG_cb 07 41700).

Disclosures and Ethics

As a requirement of publication the authors have pro-
vided signed confirmation of their compliance with
ethical and legal obligations including but not lim-
ited to compliance with ICMJE authorship and com-
peting interests guidelines, that the article is neither
under consideration for publication nor published
elsewhere, of their compliance with legal and ethi-
cal guidelines concerning human and animal research
participants (if applicable), and that permission has
been obtained for reproduction of any copyrighted
material. This article was subject to blind, indepen-
dent, expert peer review. The reviewers reported no
competing interests.

References

1. Gao X, Nelson GW, Karacki P, et al. Effect of a single amino acid change
in MHC class I molecules on the rate of progression to AIDS. N Engl J
Med. May 31, 2001;344(22):1668-75.

2. Kaslow RA, Dorak T, Tang JJ. Influence of host genetic variation on suscep-
tibility to HIV type 1 infection. J Infect Dis. 1 2005;191 Suppl 1:S68-77.

3. Tang J, Kaslow R. The impact of host genetics on HIV infection and dis-
ease progression in the era of highly active antiretroviral therapy. 4/DS.
2003;17(Suppl 1):S51-60.

4. United States Department of Health and Human Servises (DHHS) guidelines.
http://aidsinfo.nih.gov.

5. Griffiths DJ. Endogenous retroviruses in the human genome sequence.
Genome Biol. 2001;2(6):1017. 1-5.

6. Kulski JK, Gaudieri S, Bellgard M, et al. The evolution of MHC diversity
by segmental duplication and transposition of retroelements. J Mol Evol.
1997;45(6):599-609.

7. Mehra NK, Kaur G, Jaini R. Genetic diversity in the human major histo-
compatibility complex: lessons for vaccination approaches to HIV infection.
Community Genet. 2002;5(3):162—6.

8. Just JJ. Genetic predisposition to HIV-1 infection and acquired immune defi-
ciency virus syndrome: a review of literature examining associations with
HLA. Hum Immunol. 1995;44(3):156—69.

9. Brander C, Hartman KE, Trocha AK, et al. Lack of strong immune selec-
tion pressure by the immunodominant, HLA-A*0201-restricted cytotoxic
T lymphocyte response in chronic human immunodeficiency virus-1 infection.
J Clin Invest. 1998;101(11):2559—66.

Retrovirology: Research and Treatment 2013:5


http://www.la-press.com

HLA in HIV transmission, progression and treatment

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

. Altman JD, Moss PA, Goulder PJ, et al. Phenotypic analysis of antigen-
specific T lymphocytes. Science. 1996;274(5284):94—6.

. Gray CM, Lawrence J, Schapiro JM, et al. Frequency of class I HLA-re-
stricted anti-HIV CD8+ T cells in individuals receiving highly active anti-
retroviral therapy (HAART). J Immunol. 1999;162(3):1780-8.

. Ogg GS, Jin X, Bonhoeffer S, et al. Quantitation of HIV-1-specific cytotoxic
T lymphocytes and plasma load of viral RNA. Science. 1998;279(5359):
2103-6.

. Rowland-Jones S, Sutton J, Ariyoshi K, et al. HIV-specific cytotoxic T-cells in
HIV exposed but uninfected Gambian women. Nat Med. 1995;1(1):59-64.

. Carlson J, Brumme Z. HIV evolution in response to HLA-restricted CTL
selection pressures: a population-based perspective. Microbes Infect.
2008;10(5):455-61.

. Carlson JM, Brumme ZL, Rousseau CM, et al. Phylogenetic dependency
networks: inferring patterns of CTL Escape and codon covariation in HIV-1
Gag. PLoS Comput Biol. 2008;4(11):¢1000225.

. Kaur G, Mehra N. Genetic determinants of HIV-1 infection and progres-
sion to AIDS: immune response genes. Tissue Antigens. 2009;74(5):
373-85.

. Carrington M, Nelson GW, Martin MP, et al. HLA and HIV-1: heterozygote
advantage and B*35-Cw*04 disadvantage. Science. 1999;283(5408):
1748-52.

. Dorak MT, Tang J, Penman-Aguilar A, et al. Transmission of HIV-1 and
HLA-B allele-sharing within serodiscordant heterosexual Zambian couples.
Lancet. 2004;363(9427):2137-9.

. Dalmau J, Puertas MC, Azuara M, et al. Contribution of immunological and

virological factors to extremely severe primary HIV type 1 infection. Clin

Infect Dis. 2009;48(2):229-38.

MacDonald KS, Embree J, Njenga S, et al. Mother-child class T HLA

concordance increases perinatal human immunodeficiency virus type 1

transmission. J Infect Dis. 1998;177(3):551-6.

Royce RA, Sena A, Cates W Jr, Cohen MS. Sexual transmission of HIV.

N Engl J Med. 1997;336(15):1072-8.

MacDonald KS, Fowke KR, Kimani J, et al. Influence of HLA supertypes

on susceptibility and resistance to human immunodeficiency virus type 1

infection. J Infect Dis. 2000;181(5):1581-9.

Goulder PJ, Brander C, Tang Y, et al. Evolution and transmission of stable

CTL escape mutations in HIV infection. Nature. 2001;412(6844):334-8.

Schneidewind A, Tang Y, Brockman MA, et al. Maternal transmission

of human immunodeficiency virus escape mutations subverts HLA-B57

immunodominance but facilitates viral control in the haploidentical infant.

J Virol. 2009;83(17):8616-27.

Chen H, Hayashi G, Lai OY, et al. Psoriasis patients are enriched for

genetic variants that protect against HIV-1 disease. PLoS Genet. 2012;8(2):

¢1002514.

Barreiro LB, Quintana-Murci L. From evolutionary genetics to human

immunology: how selection shapes host defence genes. Nat Rev Genet.

2010;11(1):17-30.

Thibodeau V, Lajoie J, Labbé AC, et al. High level of soluble HLA-G in the

female genital tract of beninese commercial sex workers is associated with

HIV-1 infection. PloS One. 2011;6(9):¢25185.

Lajoie J, Hargrove J, Zijenah LS, Humphrey JH, Ward BJ, Roger M. Genetic

variants in nonclassical major histocompatibility complex class I human

leukocyte antigen (HLA)-E and HLA-G molecules are associated with sus-

ceptibility to heterosexual acquisition of HIV-1. J Infect Dis. 2006;193(2):

298-301.

Riteau B, Menier C, Khalil-Daher I, et al. HLA-G1 co-expression boosts the

HLA class I-mediated NK lysis inhibition. /nt Immunol. 2001;13(2):193-201.

Park GM, Lee S, Park B, et al. Soluble HLA-G generated by proteolytic

shedding inhibits NK-mediated cell lysis. Biochem Biophys Res Commun.

2004;313(3):606—11.

Lila N, Rouas-Freiss N, Dausset J, Carpentier A, Carosella ED. Soluble

HLA-G protein secreted by allo-specific CD4+ T cells suppresses the allo-

proliferative response: a CD4+ T cell regulatory mechanism. Proc Natl

Acad Sci U S A.2001;98(21):12150-5.

Le Gal FA, Riteau B, Sedlik C, et al. HLA-G-mediated inhibition of antigen-

specific cytotoxic T lymphocytes. Int Immunol. 1999;11(8):1351-6.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

Fournel S, Aguerre-Girr M, Huc X, et al. Cutting edge: soluble HLA-G1
triggers CD95/CD95 ligand-mediated apoptosis in activated CD8+ cells by
interacting with CD8. J Immunol. 2000;164(12):6100—4.

Matte C, Lajoie J, Lacaille J, Zijenah LS, Ward BJ, Roger M. Functionally
active HLA-G polymorphisms are associated with the risk of heterosexual
HIV-1 infection in African women. AIDS. 2004;18(3):427-31.

Luo M, Czarnecki C,Ramdahin S, Embree J, Plummer FA. HLA-G and moth-
er-child perinatal HIV transmission. Hum Immunol. 2013;74(4):459-63.
Vyakarnam A, Sidebottom D, Murad S, et al. Possession of human leuco-
cyte antigen DQG6 alleles and the rate of CD4 T-cell decline in human immu-
nodeficiency virus-1 infection. Immunology. 2004;112(1):136-42.

Li S, Jiao H, Yu X, et al. Human leukocyte antigen class I and class II allele
frequencies and HIV-1 infection associations in a Chinese cohort. J Acquir
Immune Defic Syndr. 2007;44(2):121-31.

Kawashima Y, Pfafferott K, Frater J, et al. Adaptation of HIV-1 to human
leukocyte antigen class 1. Nature. 2009;458(7238):641-5.

Mellors JW, Margolick JB, Phair JP, et al. Prognostic value of HIV-1 RNA,
CD4 cell count, and CD4 cell count slope for progression to AIDS and death
in untreated HIV-1 infection. JAMA. 2007;297(21):2346-50.

Mellors JW, Rinaldo CR Jr, Gupta P, White RM, Todd JA, Kingsley LA.
Prognosis in HIV-1 infection predicted by the quantity of virus in plasma.
Science. 1996;272(5265):1167-70.

Kiepiela P, Leslie AJ, Honeyborne I, et al. Dominant influence of HLA-B
in mediating the potential co-evolution of HIV and HLA. Nature.
2004;432(7018):769-75.

Moore CB, John M, James IR, Christiansen FT, Witt CS, Mallal SA.
Evidence of HIV-1 adaptation to HLA-restricted immune responses at a
population level. Science. 2002;296(5572):1439-43.

Rajapaksa US, Li D, Peng YC, McMichael AJ, Dong T, Xu XN. HLA-B
may be more protective against HIV-1 than HLA-A because it resists nega-
tive regulatory factor (Nef) mediated down-regulation. Proc Natl Acad Sci
USA.2012;109(33):13353-8.

Fellay J, Shianna KV, Ge D, et al. A whole-genome association study of major
determinants for host control of HIV-1. Science. 2007;317(5840):944—7.
Silva EM, Acosta AX, Santos EJ, et al. HLA-Bw4-B*57 and Cw*18 alleles
are associated with plasma viral load modulation in HIV-1 infected indi-
viduals in Salvador, Brazil. Braz J Infect Dis. 2010;14(5):468-75.
Lazaryan A, Lobashevsky E, Mulenga J, et al. Human leukocyte antigen
B58 Supertype and human immunodeficiency virus type 1 infection in
native Africans. J Virol. 2006;80(12):6056—60.

Crawford H, Lumm W, Leslie A, et al. Evolution of HLA-B*5703 HIV-1
escape mutations in HLA-B*5703—positive individuals and their transmis-
sion recipients. J Exp Med. 2009;206(4):909-21.

Matthews PC, Leslie AJ, Katzourakis A, et al. HLA footprints on
human immunodeficiency virus type 1 are associted with inter-clade
polymorphisms and inter-clade phylogenetic clustering. J Virol. 2009;83(9):
4605-15.

Yager N, Robinson N, Brown H, et al. Longitudinal analysis of an HLA-
B*51-restricted epitope in integrase reveals immune escape in early
HIV-1 infection. AIDS. 2013;27(3):313-23.

Ngumbela KC, Day CL, Mncube Z, et al. Targeting of a CD8 T cell env
epitope presented by HLA-B*5802 is associated with markers of HIV disease
progression and lack of selection pressure. AIDS Res Hum Retroviruses.
2008;24(1):72-82.

Kleverpris HN, Harndahl M, Leslie AJ, et al. HIV control through a single
nucleotide on the HLA-B locus. J Virol. 2012;86(21):11493-500.

Grifoni A, Montesano C, Palma P, et al. Role of HLA-B alpha-3 domain
amino acid position 194 in HIV disease progression. Mol Immunol.
2013;53(4):410-3.

Feeney ME, Tang Y, Roosevelt KA, et al. Inmune Escape precedes break-
through human immunodeficiency virus type 1 viremia and broadening of
the cytotoxic T-lymphocyte response in an HLA-B27-positive long-term-
nonprogressing child. J Virol. 2004;78(16):8927-30.

Oxenius A, Price DA, Trkola A, et al. Loss of viral control in early
HIV-1 infection Is temporally associated with sequential escape from CD8+
T cell responses and decrease in HIV-1-specific CD4+ and CD8+ T cell
frequencies. J Infect Dis. 2004;190(4):713-21.

Retrovirology: Research and Treatment 2013:5


http://www.la-press.com

Tshabalala et al

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Iversen AK, Stewart-Jones G, Learn GH, et al. Conflicting selective forces
affect T cell receptor contacts in an immunodominant human immunodefi-
ciency virus epitope. Nat Immunol. 2006;7(2):179-89.

Bailey JR, Williams TM, Siliciano RF, Blankson JN. Maintenance of viral
suppression in HIV-1-infected HLA-B*57+ elite suppressors despite CTL
escape mutations. J Exp Med. 2006;203(5):1357-69.

Moore DM, Hogg RS, Yip B, et al. Discordant immunologic and virologic
responses to highly active antiretroviral therapy are associated with
increased mortality and poor adherence to therapy. J Acquir Immune Defic
Syndr. 2005;40(3):288-93.

Brumme ZL, Brumme CJ, Heckerman D, et al. Evidence of differential
HLA class I-mediated viral evolution in functional and accessory/regulatory
genes of HIV-1. PLoS Pathog. 2007;3(7):e94.

Singh P, Kaur G, Sharma G, Mehra NK. Immunogenetic basis of HIV-1 infec-
tion, transmission and disease progression. Vaccine. 2008;26(24):2966—80.
Selvaraj P, Swaminathan S, Alagarasu K, et al. Association of human leu-
kocyte antigen-A11 with resistance and B40 and DR2 with susceptibility to
HIV-1 infection in south India. J Acquir Immune Defic Syndr. 2006;43:497-9.
Kaslow RA, Carrington M, Apple R, et al. Influence of combinations
of human major histocompatibility complex genes on the course of
HIV-1 infection. Nat Med. 1996;2(4):405-11.

McNeil AJ, Yap PL, Gore SM, et al. Association of HLA types A1-B8-DR3
and B27 with rapid and slow progression of HIV disease. QJM. 1996;89(3):
177-85.

Neumann-Haefelin C. Protective role of HLA-B27 in HIV and hepatitis C
virus infection. Dtsch Med Wochenschr. 2011;136(7):320—4.

Tomiyama H, Sakaguchi T, Miwa K, et al. Identification of multiple HIV-1
CTL epitopes presented by HLA-B*5101 molecules. Hum Immunol.
1999;60(3):177-86.

Zhang Y, Peng Y, Yan H, et al. Multilayered defense in HLABS1-associated
HIV viral control. J Immunol. 2011;187(2):684-91.

Migueles SA, Sabbaghian MS, Shupert WL, et al. HLA B*5701 is highly
associated with restriction of virus replication in a subgroup of HIV-infected
long term nonprogressors. Proc Natl Acad Sci U S 4. 2000;97(6):2709—14.
Kaslow RA, Dorak T, Tang JJ. Influence of host genetic variation on suscep-
tibility to HIV type 1 infection. J Infect Dis. 2005;191 Suppl 1:S68-77.
Tomiyama H, Miwa K, Shiga H, et al. Evidence of presentation of mul-
tiple HIV-1 cytotoxic T lymphocyte epitopes by HLA-B*3501 molecules
that are associated with the accelerated progression of AIDS. J Immunol.
1997;158(10):5026-34.

Carrington M, O’Brien SJ. The influence of HLA genotype on AIDS. Annu
Rev Med. 2003;54:535-51.

Gao X, Bashirova A, Iversen AK, et al. AIDS restriction HLA allotypes target
distinct intervals of HIV-1 pathogenesis. Nat Med. 2005;11(12):1290-2.
Larsen MH, Zinyama R, Kallestrup P, et al. HLA-G 3" untranslated region
14-base pair deletion: association with poor survival in an HIV-1-infected
Zimbabwean population. J Infect Dis. 2013;207(6):903—-6.

Huang KH, Goedhals D, Carlson JM, et al. Progression to AIDS in South
Africa is associated with both reverting and compensatory viral mutations.
PLoS One. 2011;6(4):¢19018.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Zhuang Y, Sun Y, Zhai S, et al. Relative dominance of Env-gp41-specific
cytotoxic T lymphocytes responses in HIV-1 advanced infection. Curr HIV
Res. 2008;6(3):239-45.

Gandhi RT, Wurcel A, Rosenberg ES, et al. Progressive reversion of human
immunodeficiency virus type 1 resistance mutations in vivo after transmission
of a multiply drug-resistant virus. Clin Infect Dis. 2003;37(12):1693-8.
Tang J, Costello C, Keet IP, et al. HLA class I homozygosity accelerates dis-
ease progression in human immunodeficiency virus type 1 infection. AIDS
Res Hum Retroviruses. 1999;15(4):317-24.

Chen H, Ndhlovu ZM, Liu D, et al. TCR clonotypes modulate the pro-
tective effect of HLA class I molecules in HIV-1 infection. Nat Immunol.
2012;13(7):691-700.

Pereyra F, Addo MM, Kaufmann DE, et al. Genetic and Immunologic het-
erogeneity among persons who control HIV infection in the absence of
therapy. J Infect Dis. 2008;197(4):563-71.

Badri M, Bekker LG, Orrell C, Pitt J, Cilliers F, Wood R. Initiating highly
active antiretroviral therapy in sub-Saharan Africa: an assessment of the revised
World Health Organization scaling-up guidelines. AIDS. 2004;18(8):1159-68.
Larder BA, Stammers DK. Closing in on HIV drug resistance. Nat Struct
Biol. 1999;6(2):103-6.

Chaponda M, Pirmohamed M. Hypersensitivity reactions to HIV therapy.
Br J Clin Pharmacol. 2011;71(5):659-71.

Mallal S, Nolan D, Witt C, et al. Association between presence of HLA-
B*5701, HLA-DR7, and HLA-DQ3 and hypersensitivity to HIV-1 reverse-
transcriptase inhibitor abacavir. Lancet. 2002;359(9308):727-32.
Hetherington S, Hughes AR, Mosteller M, et al. Genetic variations in HLA-B
region and hypersensitivity reactions to abacavir. Lancet. 2002;359(9312):
1121-2.

Chessman D, Kostenko L, Lethborg T, et al. Human leukocyte antigen class
i-restricted activation of cd8+ t cells provides the immunogenetic basis of a
systemic drug hypersensitivity. /mmunity. 2008;28(6):822-32.

Ahuja SK, Kulkarni H, Catano G, et al. CCL3L1-CCR5 genotype
influences durability of immune recovery during antiretroviral therapy of
HIV-1-infected individuals. Nat Med. 2008;14(4):413-20.

Mahungu TW, Johnson MA, Owen A, Back DJ. The impact of pharmacoge-
netics on HIV therapy. Int J STD AIDS. 2009;20(3):145-51.

van der Burg SH, Visseren MJ, Brandt RM, Kast WM, Melief CJ.
Immunogenicity of peptides bound to MHC class I molecules depends on
the MHC—peptide complex stability. J Immunol. 1996;156(9):3308-14.
Kirksey TJ, Pogue-Caley RR, Frelinger JA, Collins EJ. The structural
basis for the increased immunogenicity of two HIV-reverse transcriptase
peptide variant/class I major histocompatibility complexes. J Biol Chem.
1999;274(52):37259-64.

Borbulevych OY, Baxter TK, Yu Z, Restifo NP, Baker BM. Increased immu-
nogenicity of an anchor-modified tumorassociated antigen is due to the
enhanced stability of the peptide/MHC complex: implications for vaccine
design. J Immunol. 2005;174(8):4812-20.

Retrovirology: Research and Treatment 2013:5


http://www.la-press.com



