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HIV-1 exhibits a high degree of genetic variability. This genetic diversity is caused by frequent 

mutations that occur due to the high replication rate of the virus and the error-prone nature 

of the reverse transcriptase of HIV-1 that lacks proof-reading [1-4]. In the majority of newly 

infected individuals, transmission and outgrowth of a single HIV-1 variant is observed [5-10]. 

Viral diversity expands during the course of infection and multiple viral variants co-exist as 

quasispecies within an individual. The composition of the quasispecies is shaped by competition 

and selection for the fittest viral variant at that time in that specific environment, and is specific 

for the individual patient. Genetic diversity of HIV-1 varies substantially among individuals and 

has been associated with progressive disease (chapter 6, [11,12]).

One of the major selective forces driving HIV-1 evolution is the host immune response and 

viral variants that have escaped immune pressure are rapidly selected. Despite the extreme 

mutational capacity of the virus, there are constraints on viral evolution when it comes to target 

cell infectivity and viral replication capacity.  

VIRAL ESCAPE FROM CTL RESPONSES 
Cytotoxic T Lymphocyte (CTL) responses play an important role in viral control. The drop in plasma 

viremia during acute HIV-1 infection coincides with HIV-1-specific CTL activity [13-19]. The selection 

pressure mediated by CTLs is one of the major forces driving viral evolution and diversity during the 

course of infection. Mutations that confer escape from CTL-mediated killing are rapidly selected 

and may result in loss of control of viremia and disease progression [20-23]. Escape from CTL 

responses can be mediated by mutations that disrupt viral epitope processing and presentation via 

HLA molecules or by mutations that diminish CTL recognition of the epitope. In the case of escape 

from CTL recognition, new CTLs recognizing the mutated epitope can be generated [24,25] and this 

mechanism of CTL escape therefore seems to have only a temporary effect. 

CTL responses targeting the viral Gag protein are associated with lower viremia as 

compared to CTLs targeting the viral Env protein [26-28]. The Gag protein is very conserved 

and structural constraints limit CTL escape mutations due to the attenuation of viral replication, 

whereas the Env protein is more variable. Furthermore, HIV-1 particles contain large quantities 

of Gag protein which can immediately be processed and presented via HLA molecules upon 

infection, before HLA class I is downregulated by the viral Nef protein. The same holds true 

for Pol, although the amount of Pol protein in the incoming virion is much lower than for Gag. 

The Env protein remains on the cell surface upon infection and therefore de novo synthesis is 

required for efficient presentation of this protein. Nef, Tat, Rev, Vpu, Vif and Vpr are not present 

in the viral particle and synthesis of these viral proteins by the infected host cell machinery is 

required before epitopes derived from these proteins can be presented [29-31]. 

Viral control is strongly associated with HLA-B alleles and these alleles preferentially present 

epitopes from the conserved Gag protein [27,32-34]. Furthermore, HLA-B alleles are more resistant 

to Nef-mediated downregulation of HLA alleles when compared to HLA-A alleles, which may also 

contribute to the better control of HIV-1 infection associated with HLA-B-restricted CTLs [35].

Sharing of HLA alleles between donor and recipient is reported to be disadvantageous for the 

recipient, as the transmitted viral variant has already adapted to shared HLA alleles, hampering 

control of viral replication exerted by de novo CTL responses. HLA concordance between donor 
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and recipient increases the risk of HIV-1 transmission, both for sexual transmission couples [36,37], 

as well as for mother-to-child transmission [38-40]. This may suggest that HLA-restricted cellular 

immunity plays an important role in the establishment of infection and outgrowth of HIV-1. 

Apparently, viral variants that have escaped through mutations at anchor residues that abrogate 

presentation by HLA alleles have a survival advantage in a new host that is concordant for at least 

part of the HLA alleles, likely explaining the higher probability of HIV-1 transmission in partial HLA 

concordant donor-recipient pairs. These findings may also imply that cellular HIV-specific immunity, 

for instance elicited by a vaccine, could indeed contribute to protection against infection.

Sharing of HLA class I alleles between donor and recipient has only a modest impact on viral 

load levels in the recipient after sexual transmission [41]. In mother-to-child transmission pairs, 

genetic similarity between mother and child compromises HLA-mediated viral control [42-45] 

and viral evolution in children is dominated by mutations within CTL epitopes restricted by 

HLA alleles that are inherited from the father (chapter 5, [46]). Furthermore, children carrying 

a protective HLA allele experienced a slower disease progression only when the protective 

allele was paternally inherited [44,45]. These results suggest a prominent role for de novo CTL 

responses in viral control and the clinical course of infection. 

However, in mother-to-child transmission pairs, the probability exists that the mother was 

infected by the father of her child, and that she obtained HIV-1 variants with adapting mutations 

to the paternal HLA. Although these mutations may revert in the mother, they potentially are 

still present in the virus that is transmitted to the child, resulting in an even more hampered de 

novo CTL response in the child who has maternal and paternal HLA alleles. This obviously could 

have implications for the disease course in the child. 

Mutations in viral proteins that result in escape from CTL-mediated killing are generally 

associated with loss of viral control [20-23]. However, this is not true for all CTL escape mutations, 

as some of these mutations come at a fitness cost, particularly when located in conserved viral 

regions [47-49]. In this way, the host can benefit from a lower viral replication rate despite escape 

from immune control [50]. When CTL escape mutations that come at a fitness cost are transmitted 

to a new host in whom antiviral immune responses have not yet developed, rapid reversion of 

these mutations is observed as a consequence of selection for the fittest viral variant [16,51-53]. 

It has been reported, however, that the presence of viral variants with lower fitness in the period 

before reversion of mutations occurs, can still be beneficial for the recipient, resulting in a lower 

viral load set point and higher CD4+ T cell counts in the early phase of infection [44,54-57]. 

It has been described that viral evolution during the initial phase of infection after sexual 

transmission is dominated by reversion of transmitted mutations [58-60], although others did 

not corroborate with these findings [52]. In contrast, after HIV-1 transmission from mother 

to child, viral evolution is not driven by reversion of transmitted mutations (chapter 5, [46]). 

However, it cannot be excluded that escape mutations in the transmitted virus did revert 

in the child, but were not detected, because de novo CTL responses in the child rapidly re-

selected the escape mutations. Reversion of mutations located in epitopes restricted by HLA 

alleles not shared between mother and child, were observed to some extent, but not for all 

transmitted mutations, which may indicate that the fitness cost associated with certain CTL 

escape mutations is limited, or that the fitness cost of the CTL escape mutation was already 

compensated in the mother before the transmission event. 
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Instead of reversion of a transmitted mutation that comes at a fitness cost, selection 

of forward mutations that restore viral replication capacity can also occur (chapter 3). As 

mutations are incorporated at random, a forward mutation that restores viral fitness can 

occur prior to reversion of the transmitted mutation, and compensation for the fitness cost 

associated with the transmitted mutation can circumvent the need for reversion of the escape 

mutation. It remains unclear why these compensatory mutations have not developed in the 

donor before the transmission event occurred. A large part of new HIV-1 infections arise from 

sexual transmission from individuals in the primary phase of infection [61-63], and therefore 

compensatory mutations may not have developed yet. 

Not all CTL escape mutations come at a fitness cost and these mutations can remain 

present in viral variants upon transmission. In addition, compensation of CTL escape mutations 

associated with a fitness cost in the donor can also lead to transmission of a stable CTL escape 

mutation. In this way, CTL escape mutations can persist in circulating viral strains, resulting 

in the accumulation of CTL escape mutations and possible compensatory mutations in the 

virus at a population level over time [64-66]. Adaptation to CTL responses can have important 

implications for viral control in newly infected individuals and must be considered in the 

development of a T cell-based HIV vaccine.

CTL RESPONSES AND VIRAL ESCAPE IN LONG-TERM 
NONPROGRESSORS 
A small percentage of HIV-1 infected individuals show spontaneous control of HIV-1 infection and 

maintain high CD4+ T cell counts for more than 10 years without the use of antiretroviral therapy 

(reviewed in [67]). Numerous studies in these so-called long-term nonprogressors (LTNPS) 

have demonstrated the relationship between certain HLA class I alleles and a better clinical 

course of infection, with the highest impact for HLA-B57 and HLA-B27 [68-73]. Control of viremia 

in LTNPs is associated with the presence of HIV-1-specific CTLs [74-81] which better defines 

disease progression than HLA genotype alone [74]. In LTNPs, CTLs recognize and kill infected 

cells at lower antigen concentrations and have a better proliferative capacity [81-87]. There is, 

however, no correlation between the number of HIV-specific CTLs and viral control [88,89]. The 

CTL responses in patients that can control HIV-1 infection do have superior functional capacity 

and polyfunctionality compared to CTL responses in non-controllers, including the capacity to 

secrete perforine, degranulate and produce multiple cytokines [78,81,90,91]. Furthermore, HIV-

1-specific CTLs maintain their proliferative capacity and functionality in LTNPs, whereas these 

CTL functions are lost in progressors during the course of infection [75-78,81,86]. Recently, it 

was demonstrated that CTL responses restricted by protective HLA alleles are not suppressed 

by CD4+ regulatory T cells (Tregs), whereas CTL responses restricted by other HLA alleles in the 

same individual are [92]. The low expression of the inhibitory Tim-3 receptor on activated CTLs 

restricted by protective HLA alleles prevents an interaction between CTLs and Tregs. Moreover, 

the protective CTLs kill Tregs, thereby escaping suppression and maintaining viral control [92]. 

Another recent report showed that LTNPs possess a larger population of HIV-specific CD8+ T 

cells that are resistant to apoptosis, through upregulation of anti-apoptotic molecules [93]. 

These findings indicate that patients capable of controlling HIV-1 infection maintain strong 
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CTL responses of high quality throughout infection, whereas CD8+ T cells from progressors 

lose functionality and become exhausted during prolonged infection. The question whether 

persistence of polyfunctional CTLs in LTNPs is a cause or a consequence of viral control remains 

unanswered. The fact that the proliferative capacity of HIV-specific CD8+ T cells and their ability 

to suppress viral replication are not restored in patients on suppressive cART [94] may seem to 

suggest that the prolonged strong CTL responses in LTNPs are not only the consequence of a 

low viral load or preserved CD4+ T cell help. However, patients that start cART may have less 

functional CTLs prior to start of therapy, and the fact that these functions are not restored 

during cART still does not give a definitive answer whether prolonged polyfunctionality of CTL 

responses in LTNPs are cause or consequence of viral control. 

Although the HLA-B57 and HLA-B27 alleles are overrepresented in LTNPs, most patients 

carrying these protective HLA alleles show a progressive course of infection in the absence 

of cART. The differential clinical course in HLA-B57 positive patients cannot be explained by 

differences in CTL activity against Gag epitopes or development of CTL escape mutations [50]. 

Viral escape from CTL responses against the immunodominant TW10 Gag epitope occurs via 

the T242N mutation [50,95,96]. Selection for this mutation is usually observed early in infection 

and is associated with reduced viral fitness [16,50,72,73]. This indicates a role for strong 

polyfunctional CTL response early in infection, resulting in the selection of an escape mutation 

that comes at a high fitness cost. During the course of infection additional mutations within 

or flanking the TW10 epitope in Gag occur, which compensate for the lower viral replication 

capacity of the T242N viral variant (chapter 2, [96,97]). The accumulation of these compensatory 

mutations restores viral fitness and may lead to disease progression (chapter 2, [98]). 

In contrast, in HLA-B27 positive patients the R264K CTL escape mutation in the 

immunodominant KK10 epitope occurs late in infection and is associated with higher viral load 

and disease progression [99-108]. This suggests that viral replication in HLA-B27 individuals 

is controlled by a strong polyfunctional CTL response and that escape from presentation 

by HLA-B27 is unfavorable for the virus. Indeed, the R264K mutation has a very high fitness 

cost, even higher than that seen for the HLA-B57 associated T242N mutation [47]. It has been 

suggested that this escape mutation is not viable on its own, but requires the presence of the 

S173A compensatory mutation, which may explain occurrence of the R264K mutation late in 

infection [108]. The R264G CTL escape mutation, however, has a lower fitness cost as compared 

to the R264K mutation, and this mutation can develop without the presence of the associated 

E260D compensatory mutation (chapter 4). However, the R264K/G CTL escape mutation is 

not seen in all HLA-B27-positive patients that progress to disease (chapter 4, [105-110]). This 

suggests that other factors, for instance lower TCR diversity and CTL exhaustion, may influence 

disease progression despite the presence of a protective HLA allele [111]. 

FUTURE PERSPECTIVES
The introduction of cART has dramatically prolonged survival of HIV-1 infected individuals and viral 

replication is controlled in the majority of treated individuals. Treatment with cART efficiently inhibits 

viral replication, however, HIV-1 infected cells are not eliminated. Although activated CD4+ T cells 

in which virus replication is blocked by cART will eventually undergo apoptosis, quiescent latently 
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infected cells remain present despite long-term cART. Strategies to purge the HIV reservoir are 

under study and the first compounds that activate latently infected cells are being tested in clinical 

trials. However, recent clinical studies using histone deacetylases (HDAC) inhibitors failed to 

detect a reduction in the viral reservoir despite reactivation of latent virus [112,113]. This suggests 

that circulating CTLs are not able to directly kill reactivated HIV-1 infected cells, which may indicate 

that these cells reside in immune privileged sites where CTLs are unable to kill these infected cells, 

or that circulating CTLs are functionally impaired and exhausted. It has been demonstrated that 

after antigen-specific prestimulation, CTLs were able to eliminate infected cells after reactivation 

of the viral reservoir [114]. Boosting of CTL responses in patients treated with cART by vaccination 

strategies and subsequent reactivation of latent HIV-1 may be a promising strategy for eradication. 

However, circulating CTLs might be unable to recognize reactivated HIV-1 infected cells due to the 

presence of CTL escape mutations, or the location of these cells. 

Furthermore, therapeutic vaccines may help to reduce viral burden and delay start of 

therapy [115,116]. A therapeutic vaccine could also be used to redirect CTL responses towards 

proteins that have been associated with viral control and viral attenuation once CTL escape 

mutations emerge. Patients may benefit from the reduction in viral replication capacity with 

lower viral load and less severe CD4+ T cell depletion, even though compensatory mutations 

that restore viral fitness may be selected over time. 

Although therapeutic vaccine strategies may help to reduce disease burden and HIV-1 

transmission risk, a vaccine focused on the prevention of new infections is needed to halt the 

HIV-1 pandemic. Preventive strategies mainly focus on sterilizing immunity via neutralizing 

antibodies. However, CTL responses may be capable of eliminating virally infected cells before 

establishment or outgrowth of infection, as demonstrated by the fact that CTL responses 

against Gag or Pol epitopes can kill virally infected cells approximately 6 hours after infection 

of a cell, before the replication cycle has been completed and new virions are produced 

[29-31]. Indeed, it was recently shown that a vaccine inducing specific effector memory T cells 

prevented the establishment and outgrowth of SIV infection in rhesus macaques after mucosal 

challenge [117]. However, a vaccine eliciting both strong CTL responses and broadly neutralizing 

antibodies will be needed to prevent transmission and outgrowth of new infections. In depth 

studies providing new mechanistic insights in the development of strong polyfunctional CTL 

responses and the development of broadly neutralizing antibodies may ultimately provide key 

information leading to the development of a protective vaccine against HIV-1.

135



8

GENERAL DISCUSSION

REFERENCES
1. Drake JW. Rates of spontaneous mutation among 

RNA viruses. Proc Natl Acad Sci U S A; 1993, 
90(9):4171-4175.

2. Perelson AS, Neumann AU, Markowitz M, Leonard 
JM, Ho DD. HIV-1 dynamics in vivo: Virion clearance 
rate, infected cell life-span, and viral generation 
time. Science; 1996, 271:1582-1586.

3. Preston BD, Dougherty JP. Mechanisms of retroviral 
mutation. Trends Microbiol; 1996, 4(1):16-21.

4. Mansky LM. Retrovirus mutation rates and their 
role in genetic variation. J Gen Virol; 1998, 79 (Pt 
6):1337-1345.

5. Salazar-Gonzalez JF, Bailes E, Pham KT, Salazar 
MG, Guffey MB, et al. Deciphering human 
immunodeficiency virus type 1 transmission and 
early envelope diversification by single-genome 
amplification and sequencing. J Virol; 2008, 
82(8):3952-3970.

6. Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, 
Pham KT, et al. Identification and characterization 
of transmitted and early founder virus envelopes in 
primary HIV-1 infection. Proc Natl Acad Sci U S A; 
2008, 105(21):7552-7557.

7. Kearney M, Maldarelli F, Shao W, Margolick JB, Daar 
ES, et al. HIV-1 Population Genetics and Adaptation 
in Newly Infected Individuals. J Virol; 2009, 
83(6):2715-27. 

8. Abrahams MR, Anderson JA, Giorgi EE, Seoighe 
C, Mlisana K, et al. Quantitating the multiplicity of 
infection with human immunodeficiency virus type 
1 subtype C reveals a non-poisson distribution of 
transmitted variants. J Virol; 2009, 83(8):3556-3567.

9. Haaland RE, Hawkins PA, Salazar-Gonzalez J, 
Johnson A, Tichacek A, et al. Inflammatory genital 
infections mitigate a severe genetic bottleneck in 
heterosexual transmission of subtype A and C HIV-
1. PLoS Pathog; 2009, 5(1):e1000274.

10. Novitsky V, Wang R, Margolin L, Baca J, Rossenkhan 
R, et al. Transmission of single and multiple viral 
variants in primary HIV-1 subtype C infection. PLoS 
ONE; 2011, 6(2):e16714.

11. Markham RB, Wang WC, Weisstein AE, Wang Z, 
Munoz A, et al. Patterns of HIV-1 evolution in 
individuals with differing rates of CD4 T cell decline. 
Proc Natl Acad Sci U S A; 1998, 95(21):12568-12573.

12. Rachinger A, Kootstra NA, Gijsbers EF, van den Kerkhof 
TL, Schuitemaker H, et al. HIV-1 envelope diversity 
1 year after seroconversion predicts subsequent 
disease progression. AIDS; 2012, 26(12):1517-1522.

13. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod 
G, et al. Temporal association of cellular immune 

responses with the initial control of viremia in 
primary human immunodeficiency virus type 1 
syndrome. J Virol; 1994, 68(7):4650-4655.

14. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone 
MBA. Virus-specific CD8+ cytotoxic T-lymphocyte 
activity associated with control of viremia in 
primary human immunodeficiency virus type 1 
infection. J Virol; 1994, 68:6103-6110.

15. Klein MR, van Baalen CA, Holwerda AM, Kerkhof 
G, Sr., Bende RJ, et al. Kinetics of Gag-specific 
cytotoxic T lymphocyte responses during the 
clinical course of HIV-1 infection: a longitudinal 
analysis of rapid progressors and long-term 
asymptomatics. J Exp Med; 1995, 181(4):1365-1372.

16. Leslie AJ, Pfafferott KJ, Chetty P, Draenert R, Addo 
MM, et al. HIV evolution: CTL escape mutation 
and reversion after transmission. Nat Med; 2004, 
10(3):282-289.

17. Friedrich TC, Valentine LE, Yant LJ, Rakasz EG, 
Piaskowski SM, et al. Subdominant CD8+ T-cell 
responses are involved in durable control of AIDS 
virus replication. J Virol; 2007, 81(7):3465-3476.

18. Streeck H, Jolin JS, Qi Y, Yassine-Diab B, Johnson RC, 
et al. Human immunodeficiency virus type 1-specific 
CD8+ T-cell responses during primary infection are 
major determinants of the viral set point and loss of 
CD4+ T cells. J Virol; 2009, 83(15):7641-7648.

19. Goonetilleke N, Liu MK, Salazar-Gonzalez JF, 
Ferrari G, Giorgi E, et al. The first T cell response 
to transmitted/founder virus contributes to the 
control of acute viremia in HIV-1 infection. J Exp 
Med; 2009, 206(6):1253-1272.

20. Borrow P, Lewicki H, Wei X, Horwitz MS, Peffer N, 
et al. Antiviral pressure exerted by HIV-1 specific 
cytotoxic T lymphocytes (CTLs) during primary 
infection demonstrated by rapid selection of CTL 
escape virus. Nature Med; 1997, 3:205-211.

21. Price DA, Goulder PJ, Klenerman P, Sewell AK, 
Easterbrook PJ, et al. Positive selection of HIV-1 
cytotoxic T lymphocyte escape variants during 
primary infection. Proc Natl Acad Sci USA; 1997, 
94(5):1890-1895.

22. Koenig S, Conley AJ, Brewah YA, Jones GM, Leath 
S, et al. Transfer of HIV-1 specific cytotoxic T 
lymphocytes to an AIDS patient leads to selection 
for mutant HIV variants and subsequent disease 
progression. Nature Medicine; 1995, 1:330-336.

23. Goulder PJR, Phillips RE, Colbert RA, McAdam S, Ogg 
GS, et al. Late escape from an immunodominant 
cytotoxic T-lymphocyte response associated with 
progression to AIDS. Nature Medicine; 1997, 3:212-217.

136



8

GENERAL DISCUSSION

24. Allen TM, Yu XG, Kalife ET, Reyor LL, Lichterfeld M, et al. 
De novo generation of escape variant-specific CD8+ 
T-cell responses following cytotoxic T-lymphocyte 
escape in chronic human immunodeficiency virus 
type 1 infection. J Virol; 2005, 79(20):12952-12960.

25. 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):1357-1369.

26. Zuniga R, Lucchetti A, Galvan P, Sanchez S, Sanchez 
C, et al. Relative dominance of Gag p24-specific 
cytotoxic T lymphocytes is associated with human 
immunodeficiency virus control. J Virol; 2006, 
80(6):3122-3125.

27. Borghans JA, Molgaard A, De Boer RJ, Kesmir C. 
HLA alleles associated with slow progression to 
AIDS truly prefer to present HIV-1 p24. PLoS ONE; 
2007, 2(9):e920.

28. Yang OO, Daar ES, Ng HL, Shih R, Jamieson BD. 
Increasing CTL targeting of conserved sequences 
during early HIV-1 infection is correlated to 
decreasing viremia. AIDS Res Hum Retroviruses; 
2011, 27(4):391-398.

29. Sacha JB, Chung C, Rakasz EG, Spencer SP, Jonas AK, 
et al. Gag-specific CD8+ T lymphocytes recognize 
infected cells before AIDS-virus integration 
and viral protein expression. J Immunol; 2007, 
178(5):2746-2754.

30. Sacha JB, Chung C, Reed J, Jonas AK, Bean AT, 
et al. Pol-specific CD8+ T cells recognize simian 
immunodeficiency virus-infected cells prior to Nef-
mediated major histocompatibility complex class I 
downregulation. J Virol; 2007, 81(21):11703-11712.

31. Kloverpris HN, Payne RP, Sacha JB, Rasaiyaah JT, Chen 
F, et al. Early antigen presentation of protective HIV-1 
KF11Gag and KK10Gag epitopes from incoming viral 
particles facilitates rapid recognition of infected cells 
by specific CD8+ T cells. J Virol; 2013, 87(5):2628-2638.

32. Kiepiela P, Leslie AJ, Honeyborne I, Ramduth D, 
Thobakgale C, et al. Dominant influence of HLA-B 
in mediating the potential co-evolution of HIV and 
HLA. Nature; 2004, 432(7018):769-775.

33. Rousseau CM, Daniels MG, Carlson JM, Kadie C, 
Crawford H, et al. HLA class I-driven evolution of 
human immunodeficiency virus type 1 subtype c 
proteome: immune escape and viral load. J Virol; 
2008, 82(13):6434-6446.

34. Fontaine Costa AI, Rao X, Lechenadec E, van BD, 
Kesmir C. HLA-B molecules target more conserved 
regions of the HIV-1 proteome. AIDS; 2010, 
24(2):211-215.

35. Rajapaksa US, Li D, Peng YC, McMichael AJ, Dong T, 
et al. HLA-B may be more protective against HIV-1 

than HLA-A because it resists negative regulatory 
factor (Nef) mediated down-regulation. Proc Natl 
Acad Sci U S A; 2012, 109(33):13353-13358.

36. Dorak MT, Tang J, Penman-Aguilar A, Westfall 
AO, Zulu I, et al. Transmission of HIV-1 and HLA-B 
allele-sharing within serodiscordant heterosexual 
Zambian couples. Lancet; 2004, 363(9427):2137-2139.

37. Lockett SF, Robertson JR, Brettle RP, Yap PL, Middleton 
D, et al. Mismatched human leukocyte antigen alleles 
protect against heterosexual HIV transmission. J 
Acquir Immune Defic Syndr; 2001, 27(3):277-280.

38. Mackelprang RD, John-Stewart G, Carrington M, 
Richardson B, Rowland-Jones S, et al. Maternal HLA 
homozygosity and mother-child HLA concordance 
increase the risk of vertical transmission of HIV-1. J 
Infect Dis; 2008, 197(8):1156-1161.

39. Polycarpou A, Ntais C, Korber BT, Elrich HA, 
Winchester R, et al. Association between maternal 
and infant class I and II HLA alleles and of their 
concordance with the risk of perinatal HIV type 1 
transmission. AIDS Res Hum Retroviruses; 2002, 
18(11):741-746.

40. MacDonald KS, Embree J, Njenga S, Nagelkerke NJD, 
Ngatia I, et al. Mother-child class I HLA concordance 
increases perinatal human immunodeficiency virus 
type 1 transmission. J Infect Dis; 1998, 177:551-556.

41. Tang J, Tang S, Lobashevsky E, Zulu I, Aldrovandi G, 
et al. HLA allele sharing and HIV type 1 viremia in 
seroconverting Zambians with known transmitting 
partners. AIDS Res Hum Retroviruses; 2004, 
20(1):19-25.

42. Pillay T, Zhang HT, Drijfhout JW, Robinson N, 
Brown H, et al. Unique acquisition of cytotoxic 
T-lymphocyte escape mutants in infant human 
immunodeficiency virus type 1 infection. J Virol; 
2005, 79(18):12100-12105.

43. Goulder PJ, Brander C, Tang Y, Tremblay C, Colbert 
RA, et al. Evolution and transmission of stable CTL 
escape mutations in HIV infection. Nature; 2001, 
412(6844):334-338.

44. Thobakgale CF, Prendergast A, Crawford H, 
Mkhwanazi N, Ramduth D, et al. Impact of HLA 
in mother and child on disease progression of 
pediatric human immunodeficiency virus type 1 
infection. J Virol; 2009, 83(19):10234-10244.

45. Kuhn L, Abrams EJ, Palumbo P, Bulterys M, Aga 
R, et al. Maternal versus paternal inheritance of 
HLA class I alleles among HIV-infected children: 
consequences for clinical disease progression. 
AIDS; 2004, 18(9):1281-1289.

46. Ryland EG, Tang Y, Christie CD, Feeney ME. 
Sequence evolution of HIV-1 following mother-to-
child transmission. J Virol; 2010, 84(23):12437-12444.

137



8

GENERAL DISCUSSION

47. Boutwell CL, Carlson JM, Lin TH, Seese A, Power 
KA, et al. Frequent and variable cytotoxic-T-
lymphocyte escape-associated fitness costs in the 
human immunodeficiency virus type 1 subtype B 
gag proteins. J Virol; 2013, 87(7):3952-3965.

48. Troyer RM, McNevin J, Liu Y, Zhang SC, Krizan 
RW, et al. Variable fitness impact of HIV-1 escape 
mutations to cytotoxic T lymphocyte (CTL) 
response. PLoS Pathog; 2009, 5(4):e1000365.

49. Peyerl F.W., Bazick HS, Newberg MH, Barouch DH, 
Sodroski J, et al. Fitness costs limit viral escape from 
cytotoxic T lymphocytes at a structurally constrained 
epitope. J Virol; 2004, 78(24):13901-13910.

50. Navis M, Schellens I, van Baarle D, Borghans J, van 
Swieten P, et al. Viral Replication Capacity as a Correlate 
of HLA B57/B5801-Associated Nonprogressive HIV-1 
Infection. J Immunol; 2007, 179(5):3133-3143.

51. Allen TM, Altfeld M, Yu XG, O’Sullivan KM, 
Lichterfeld M, et al. Selection, transmission, and 
reversion of an antigen-processing cytotoxic 
T-lymphocyte escape mutation in human 
immunodeficiency virus type 1 infection. J Virol; 
2004, 78(13):7069-7078.

52. Navis M, Matas DE, Rachinger A, Koning FA, 
van SP, et al. Molecular evolution of human 
immunodeficiency virus type 1 upon transmission 
between human leukocyte antigen disparate 
donor-recipient pairs. PLoS ONE; 2008, 3(6):e2422.

53. Li B, Gladden AD, Altfeld M, Kaldor JM, Cooper DA, 
et al. Rapid reversion of sequence polymorphisms 
dominates early human immunodeficiency virus 
type 1 evolution. J Virol; 2007, 81(1):193-201.

54. Goepfert PA, Lumm W, Farmer P, Matthews P, 
Prendergast A, et al. Transmission of HIV-1 Gag 
immune escape mutations is associated with 
reduced viral load in linked recipients. J Exp Med; 
2008, 205(5):1009-1017.

55. Schneidewind A, Tang Y, Brockman MA, Ryland EG, 
Dunkley-Thompson J, 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):8616-8627.

56. Prince JL, Claiborne DT, Carlson JM, Schaefer M, Yu 
T, et al. Role of transmitted Gag CTL polymorphisms 
in defining replicative capacity and early HIV-1 
pathogenesis. PLoS Pathog; 2012, 8(11):e1003041.

57. Chopera DR, Woodman Z, Mlisana K, Mlotshwa M, 
Martin DP, et al. Transmission of HIV-1 CTL escape 
variants provides HLA-mismatched recipients with a 
survival advantage. PLoS Pathog; 2008, 4(3):e1000033.

58. Li B, Gladden AD, Altfeld M, Kaldor JM, Cooper DA, 
et al. Rapid reversion of sequence polymorphisms 

dominates early human immunodeficiency virus 
type 1 evolution. J Virol; 2007, 81(1):193-201.

59. Matthews PC, Prendergast A, Leslie A, Crawford H, 
Payne R, et al. Central role of reverting mutations 
in HLA associations with human immunodeficiency 
virus set point. J Virol; 2008, 82(17):8548-8559.

60. Duda A, Lee-Turner L, Fox J, Robinson N, Dustan 
S, et al. HLA-associated clinical progression 
correlates with epitope reversion rates in early 
human immunodeficiency virus infection. J Virol; 
2009, 83(3):1228-1239.

61. Hollingsworth TD, Anderson RM, Fraser C. HIV-1 
transmission, by stage of infection. J Infect Dis; 
2008, 198(5):687-693.

62. Wawer MJ, Gray RH, Sewankambo NK, Serwadda 
D, Li X, et al. Rates of HIV-1 transmission per coital 
act, by stage of HIV-1 infection, in Rakai, Uganda. J 
Infect Dis; 2005, 191(9):1403-1409.

63. Powers KA, Ghani AC, Miller WC, Hoffman IF, Pettifor 
AE, et al. The role of acute and early HIV infection in 
the spread of HIV and implications for transmission 
prevention strategies in Lilongwe, Malawi: a 
modelling study. Lancet; 2011, 378(9787):256-268.

64. Kawashima Y, Pfafferott K, Frater J, Matthews P, Payne 
R, et al. Adaptation of HIV-1 to human leukocyte 
antigen class I. Nature; 2009, 458(7238):641-645.

65. Schellens IM, Navis M, van Deutekom HW, Boeser-
Nunnink B, Berkhout B, et al. Loss of HIV-1-derived 
cytotoxic T lymphocyte epitopes restricted by 
protective HLA-B alleles during the HIV-1 epidemic. 
AIDS; 2011, 25(14):1691-1700.

66. Koga M, Kawana-Tachikawa A, Heckerman D, 
Odawara T, Nakamura H, et al. Changes in impact of 
HLA class I allele expression on HIV-1 plasma virus 
loads at a population level over time. Microbiol 
Immunol; 2010, 54(4):196-205.

67. Deeks SG, Walker BD. Human immunodeficiency 
virus controllers: mechanisms of durable virus 
control in the absence of antiretroviral therapy. 
Immunity; 2007, 27(3):406-416.

68. Gao X, Bashirova A, Iversen AK, Phair J, Goedert JJ, 
et al. AIDS restriction HLA allotypes target distinct 
intervals of HIV-1 pathogenesis. Nat Med; 2005, 
11(12):1290-1292.

69. Carrington M, O’Brien SJ. The influence of HLA 
genotype on AIDS. Annu Rev Med; 2003, 54:535-551.

70. Pereyra F, Addo MM, Kaufmann DE, Liu Y, Miura T, et 
al. Genetic and immunologic heterogeneity among 
persons who control HIV infection in the absence of 
therapy. J Infect Dis; 2008, 197(4):563-571.

71. The International HIV Controllers Study. The Major 
Genetic Determinants of HIV-1 Control Affect 

138



8

GENERAL DISCUSSION

HLA Class I Peptide Presentation. Science; 2010, 
330(6010):1551-1557.

72. Kaslow RA, Carrington M, Apple R, Park L, Munoz 
A, et al. Influence of combinations of human major 
histocompatibility complex genes in the course of 
HIV-1 infection. Nature Medicine; 1996, 2:405-411.

73. Migueles SA, Sabbaghian MS, Shupert WL, Bettinotti 
MP, Marincola FM, 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 A; 2000, 97(6):2709-2714.

74. Dinges WL, Richardt J, Friedrich D, Jalbert E, 
Liu Y, et al. Virus-specific CD8+ T-cell responses 
better define HIV disease progression than HLA 
genotype. J Virol; 2010, 84(9):4461-4468.

75. Klein MR, van Baalen CA, Holwerda AM, Kerkhof 
G, Sr., Bende RJ, et al. Kinetics of Gag-specific 
cytotoxic T lymphocyte responses during the 
clinical course of HIV-1 infection: a longitudinal 
analysis of rapid progressors and long-term 
asymptomatics. J Exp Med; 1995, 181(4):1365-1372.

76. Lichterfeld M, Kaufmann DE, Yu XG, Mui SK, 
Addo MM, et al. Loss of HIV-1-specific CD8+ T 
cell proliferation after acute HIV-1 infection and 
restoration by vaccine-induced HIV-1-specific 
CD4+ T cells. J Exp Med; 2004, 200(6):701-712.

77. Horton H, Frank I, Baydo R, Jalbert E, Penn J, et al. 
Preservation of T cell proliferation restricted by 
protective HLA alleles is critical for immune control of 
HIV-1 infection. J Immunol; 2006, 177(10):7406-7415.

78. Betts MR, Nason MC, West SM, De Rosa SC, Migueles 
SA, et al. HIV nonprogressors preferentially 
maintain highly functional HIV-specific CD8+ T 
cells. Blood; 2006, 107(12):4781-4789.

79. Saez-Cirion A, Lacabaratz C, Lambotte O, 
Versmisse P, Urrutia A, et al. HIV controllers 
exhibit potent CD8 T cell capacity to suppress 
HIV infection ex vivo and peculiar cytotoxic T 
lymphocyte activation phenotype. Proc Natl Acad 
Sci U S A; 2007, 104(16):6776-6781.

80. Saez-Cirion A, Sinet M, Shin SY, Urrutia A, Versmisse 
P, et al. Heterogeneity in HIV suppression by CD8 T 
cells from HIV controllers: association with Gag-
specific CD8 T cell responses. J Immunol; 2009, 
182(12):7828-7837.

81. Migueles SA, Laborico AC, Shupert WL, Sabbaghian 
MS, Rabin R, et al. HIV-specific CD8+ T cell 
proliferation is coupled to perforin expression and 
is maintained in nonprogressors. Nat Immunol; 
2002, 3(11):1061-1068.

82. Derby M, Alexander-Miller M, Tse R, Berzofsky 
J. High-avidity CTL exploit two complementary 
mechanisms to provide better protection against 

viral infection than low-avidity CTL. J Immunol; 
2001, 166(3):1690-1697.

83. Berger CT, Frahm N, Price DA, Mothe B, 
Ghebremichael M, et al. High-functional-avidity 
cytotoxic T lymphocyte responses to HLA-B-
restricted Gag-derived epitopes associated with 
relative HIV control. J Virol; 2011, 85(18):9334-9345.

84. Mothe B, Llano A, Ibarrondo J, Zamarreno J, Schiaulini 
M, et al. CTL responses of high functional avidity and 
broad variant cross-reactivity are associated with 
HIV control. PLoS ONE; 2012, 7(1):e29717.

85. Jansen CA, Kostense S, Vandenberghe K, Nanlohy 
NM, De Cuyper IM, et al. High responsiveness of 
HLA-B57-restricted Gag-specific CD8+ T cells in 
vitro may contribute to the protective effect of 
HLA-B57 in HIV-infection. European Journal of 
Immunology; 2005, 35(1):150-158.

86. Horton H, Frank I, Baydo R, Jalbert E, Penn J, et al. 
Preservation of T cell proliferation restricted by 
protective HLA alleles is critical for immune control of 
HIV-1 infection. J Immunol; 2006, 177(10):7406-7415.

87. Lopez M, Peris A, Soriano V, Lozano S, Vicario JL, et 
al. The expansion ability but not the quality of HIV-
specific CD8(+) T cells is associated with protective 
human leucocyte antigen class I alleles in long-term 
non-progressors. Immunol; 2011, 134(3):305-313.

88. Betts MR, Ambrozak DR, Douek DC, Bonhoeffer 
S, Brenchley JM, et al. Analysis of total human 
immunodeficiency virus (HIV)-specific CD4(+) 
and CD8(+) T-cell responses: relationship to viral 
load in untreated HIV infection. J Virol; 2001, 
75(24):11983-11991.

89. Addo MM, Yu XG, Rathod A, Cohen D, Eldridge RL, 
et al. Comprehensive epitope analysis of human 
immunodeficiency virus type 1 (HIV-1)-specific 
T-cell responses directed against the entire 
expressed HIV-1 genome demonstrate broadly 
directed responses, but no correlation to viral load. 
J Virol; 2003, 77(3):2081-2092.

90. Hersperger AR, Pereyra F, Nason M, Demers K, 
Sheth P, et al. Perforin expression directly ex vivo by 
HIV-specific CD8 T-cells is a correlate of HIV elite 
control. PLoS Pathog; 2010, 6(5):e1000917.

91. Almeida JR, Price DA, Papagno L, Arkoub ZA, Sauce D, 
et al. Superior control of HIV-1 replication by CD8+ T 
cells is reflected by their avidity, polyfunctionality, and 
clonal turnover. J Exp Med; 2007, 204(10):2473-2485.

92. Elahi S, Dinges WL, Lejarcegui N, Laing KJ, Collier AC, 
et al. Protective HIV-specific CD8(+) T cells evade 
T(reg) cell suppression. Nat Med; 2011, 17(8):989-995.

93. Yan J, Sabbaj S, Bansal A, Amatya N, Shacka JJ, et al. 
HIV-Specific CD8+ T Cells from Elite Controllers Are 
Primed for Survival. J Virol; 2013, 87(9):5170-5181.

139



8

GENERAL DISCUSSION

94. Migueles SA, Weeks KA, Nou E, Berkley AM, Rood 
JE, et al. Defective human immunodeficiency virus-
specific CD8+ T-cell polyfunctionality, proliferation, 
and cytotoxicity are not restored by antiretroviral 
therapy. J Virol; 2009, 83(22):11876-11889.

95. Martinez-Picado J, Prado JG, Fry EE, Pfafferott K, 
Leslie A, et al. Fitness cost of escape mutations 
in p24 Gag in association with control of human 
immunodeficiency virus type 1. J Virol; 2006, 
80(7):3617-3623.

96. Brockman MA, Schneidewind A, Lahaie M, Schmidt 
A, Miura T, et al. Escape and compensation from 
early HLA-B57-mediated cytotoxic T-lymphocyte 
pressure on human immunodeficiency virus type 1 
Gag alter capsid interactions with cyclophilin A. J 
Virol; 2007, 81(22):12608-12618.

97. Crawford H, Prado JG, Leslie A, Hue S, Honeyborne 
I, et al. Compensatory mutation partially restores 
fitness and delays reversion of escape mutation 
within the immunodominant HLA-B*5703-restricted 
Gag epitope in chronic human immunodeficiency 
virus type 1 infection. J Virol; 2007, 81(15):8346-8351.

98. Brockman MA, Brumme ZL, Brumme CJ, Miura T, 
Sela J, et al. Early selection in Gag by protective HLA 
alleles contributes to reduced HIV-1 replication 
capacity that may be largely compensated for in 
chronic infection. J Virol; 2010, 84(22):11937-11949.

99. Feeney ME, Tang Y, Roosevelt KA, Leslie AJ, 
McIntosh K, et al. Immune escape precedes 
breakthrough 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):8927-8930.

100. Goulder PJ, Phillips RE, Colbert RA, McAdam S, Ogg 
G, et al. Late escape from an immunodominant 
cytotoxic T-lymphocyte response associated with 
progression to AIDS. Nat Med; 1997, 3(2):212-217.

101. O’Connell KA, Pelz RK, Dinoso JB, Dunlop E, Paik-
Tesch J, et al. Prolonged control of an HIV type 1 
escape variant following treatment interruption 
in an HLA-B*27-positive patient. AIDS Res Hum 
Retroviruses; 2010, 26(12):1307-1311.

102. Ammaranond P, van Bockel DJ, Petoumenos K, 
McMurchie M, Finlayson R, et al. HIV immune 
escape at an immunodominant epitope in HLA-
B*27-positive individuals predicts viral load 
outcome. J Immunol; 2011, 186(1):479-488.

103. Appay V, Papagno L, Spina CA, Hansasuta P, King A, 
et al. Dynamics of T cell responses in HIV infection. 
J Immunol; 2002, 168(7):3660-3666.

104. Nietfield W, Bauer M, Fevrier M, Maier R, Holzwarth 
B, et al. Sequence constraints and recognition by 

CTL of an HLA-B27-restricted HIV-1 gag epitope. J 
Immunol; 1995, 154(5):2189-2197.

105. Schneidewind A, Brockman MA, Sidney J, Wang YE, 
Chen H, et al. Structural and functional constraints 
limit options for cytotoxic T-lymphocyte escape in 
the immunodominant HLA-B27-restricted epitope 
in human immunodeficiency virus type 1 capsid. J 
Virol; 2008, 82(11):5594-5605.

106. Schneidewind A, Brockman MA, Yang R, Adam 
RI, Li B, et al. Escape from the dominant HLA-B27-
restricted cytotoxic T-lymphocyte response in Gag 
is associated with a dramatic reduction in human 
immunodeficiency virus type 1 replication. J Virol; 
2007, 81(22):12382-12393.

107. Ammaranond P, Zaunders J, Satchell C, van 
BD, Cooper DA, et al. A new variant cytotoxic T 
lymphocyte escape mutation in HLA-B27-positive 
individuals infected with HIV type 1. AIDS Res Hum 
Retroviruses; 2005, 21(5):395-397.

108. Kelleher AD, Long C, Holmes EC, Allen RL, Wilson 
J, et al. Clustered Mutations in HIV-1 gag Are 
Consistently Required for Escape from HLA-B27-
restricted Cytotoxic T Lymphocyte Responses. J 
Exp Med; 2001, 193(3):375-386.

109. Cornelissen M, Hoogland FM, Back NK, Jurriaans 
S, Zorgdrager F, et al. Multiple transmissions of 
a stable human leucocyte antigen-B27 cytotoxic 
T-cell-escape strain of HIV-1 in The Netherlands. 
AIDS; 2009, 23(12):1495-1500.

110. Ammaranond P, van Bockel DJ, Petoumenos K, 
McMurchie M, Finlayson R, et al. HIV immune 
escape at an immunodominant epitope in HLA-
B*27-positive individuals predicts viral load 
outcome. J Immunol; 2011, 186(1):479-488.

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

112. Archin NM, Liberty AL, Kashuba AD, Choudhary 
SK, Kuruc JD, et al. Administration of vorinostat 
disrupts HIV-1 latency in patients on antiretroviral 
therapy. Nature; 2012, 487(7408):482-485.

113. Reuse S, Calao M, Kabeya K, Guiguen A, Gatot JS, 
et al. Synergistic activation of HIV-1 expression by 
deacetylase inhibitors and prostratin: implications 
for treatment of latent infection. PLoS ONE; 2009, 
4(6):e6093.

114. Shan L, Deng K, Shroff NS, Durand CM, Rabi SA, et al. 
Stimulation of HIV-1-specific cytolytic T lymphocytes 
facilitates elimination of latent viral reservoir after 
virus reactivation. Immunity; 2012, 36(3):491-501.

115. Barouch DH, Santra S, Schmitz JE, Kuroda MJ, Fu TM, 
et al. Control of viremia and prevention of clinical 

140



8

GENERAL DISCUSSION

AIDS in rhesus monkeys by cytokine-augmented 
DNA vaccination. Science; 2000, 290 :486-492.

116. Schmitz JE, Kuroda MJ, Santra S, Sasseville VG, 
Simon MA, et al. Control of viremia in simian 
immunodeficiency virus infection by CD8+ 
lymphocytes. Science; 1999, 283(5403):857-860.

117. Hansen SG, Ford JC, Lewis MS, Ventura AB, 
Hughes CM, et al. Profound early control of highly 
pathogenic SIV by an effector memory T-cell 
vaccine. Nature; 2011, 473(7348):523-527.

141


