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Abstract

The search for a vaccine against human immunodeficiency virus type 1 (HIV-1) has many hurdles 

to overcome. Ideally, the stimulation of both broadly neutralizing antibodies and cell-mediated 

immune responses remains the best option, but no candidate in clinical trials at present has elicited 

such antibodies, and efficacy trials have not demonstrated any benefit for vaccines designed to 

stimulate immune responses of CD8+ T cells. Findings obtained with the simian 

immunodeficiency virus (SIV) monkey model have provided new evidence that stimulating 

effective CD8+ T cell immunity could provide protection, and in this Perspective we explore the 

path forward for optimizing such responses in humans.

Despite advances in antiretroviral therapy and partial management of the AIDS epidemic by 

other measures, only a vaccine can end the human immunodeficiency virus type 1 (HIV-1) 

pandemic. Ideally, such a vaccine would elicit both humoral immune responses and cellular 

immune responses to prevent infection with HIV-1 and to control such infection, 

respectively. The vaccine would stimulate broadly neutralizing antibodies, but no candidate 

immunogen has been able to do that so far. Such antibodies are possible because they are 

present at low concentrations in ~20% of patients infected long term with HIV-1, but most 

are highly somatically mutated and are often derived from germline-encoded antibodies that 

hardly bind at all to the HIV-1 envelope (Env)1,2. A proportion are also self-reactive, which 

limits their expansion. Such features make vaccine design very difficult. However, non-

neutralizing antibodies may also be effective, and a combination of priming with a vaccine 

of Env delivered via a canarypox vector followed by boosting with the HIV-1 glycoprotein 

gp120 provided weak protection (31%) in the RV144 trial3. Non-neutralizing antibodies 

were stimulated, but although correlates of infection risk were identified4, correlates of 

protection have not yet been defined. A vaccine against HIV-1 based solely on the elicitation 

of protective antibodies is still many years away.
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Vaccines that stimulate cytotoxic T lymphocytes

A vaccine that stimulates HIV-1-specific CD8+ cytotoxic T lymphocyte (CTL) responses is 

a possible alternative to the vaccines noted above, at least until a way of stimulating 

neutralizing antibodies is found. During natural infection with HIV-1, CTLs control but do 

not eliminate viremia5. In rhesus monkeys, vaccines that stimulate CTLs lead to better than 

natural control of simian immunodeficiency virus (SIV) or SIV-HIV hybrid viruses after 

subsequent challenge6 (Fig. 1). However, in the STEP trial, a vaccine based on recombinant 

adenovirus 5 designed to stimulate CTLs specific for the group-associated antigen (Gag), 

polymerase (Pol) and negative factor (Nef) proteins of HIV-1 did not improve control of 

HIV-1 in volunteers who subsequently became infected. Worse, there was increased 

acquisition of HIV-1 infection in participants in this vaccine trial7. That risk was strongly 

associated with the presence of preexisting antibodies to the adenovirus vector and lack of 

circumcision in males; those factors could have over-ridden any weak protection provided 

by the vaccine. However, when those risk groups were excluded from the HVTN505 trial, 

which tested a regimen of priming with DNA and boosting with the adenovirus 5–based 

vaccine, vaccination still provided no protection from infection with HIV-1 (ref. 8). 

Consequently, these negative vaccine-trial results have raised questions about the whole 

concept of a CTL-inducing vaccine against HIV-1.

Now that approach has been reawakened by an exciting new approach9,10. In those studies, a 

rhesus monkey cytomegalovirus (RhCMV) vector with recombinant SIV genes as the 

immunogen elicited strong persisting effector memory CTL responses in rhesus monkeys. 

After being challenged with pathogenic SIVmac239 virus, all vaccinated monkeys were 

infected, but 50% subsequently cleared virus soon after the peak viremia of acute infection, 

after systemic spread—an unprecedented event (Fig. 1). In monkeys that cleared the virus, 

later removal of CD8+ T cells in vivo did not cause a rebound of viremia9,10.

Remarkably, that CMV-based vaccine elicited very atypical T cell responses that were 

exceptionally broad and even, with a mean of 34 epitopes of Gag alone, compared with 9–

10, ranked in immunodominance hierarchies, elicited through the use of conventional 

vectors11. Such breadth would make escape of the virus very unlikely. The vaccine did not 

elicit classical immunoprevalent CTL responses, and two-thirds of the CD8+ T cells were 

restricted by major histocompatibility complex (MHC) class II. Nevertheless, the CTLs 

recognized SIV-infected cells, which indicates that the same epitopes must be presented 

naturally. This suggests that the difference between this CMV vector and other vaccines, and 

SIV itself, is in its priming of such atypical CD8+ T cells. The induction of such very 

broadly reacting CD8+ T cells requires deletion of three rhCMV genes (equivalent to human 

CMV genes encoding the entry factors UL128, UL130 and UL131) encoding molecules that 

determine viral tropism to, for example, dendritic cells. Suppression of the canonical MHC 

class I–restricted responses of CD8+ T cells was dependent on the presence of the RhCMV 

equivalent of the human CMV gene encoding US11, which recycles newly synthesized 

MHC class I molecules for degradation. Thus, abnormal priming of T cells probably occurs 

via atypical antigen-presenting cells with defective processing of antigens presented by 

MHC class I.
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However, it is not yet clear whether such protection is actually dependent on those atypical 

CD8+ T cell responses. If they are, it is possible that the vaccine delivered via the RhCMV 

vector works because SIV has never before encountered MHC class II–restricted CD8+ CTL 

responses and has not evolved to evade them. However, beyond the breadth of the response, 

the quantity of the persisting CTLs and their state of activation may be the most critical 

protective factors. Such issues could be addressed by vaccination with RhCMV vectors that 

do not have deletion of the genes encoding UL128, UL130 and UL131 and lack the 

equivalent gene encoding US11. Also, it will be important to determine why only 50% of 

the monkeys were protected. Given the reproducibility of that finding9,10, there is a clear 

opportunity here to identify correlates of protection. These critical experiments should 

determine unequivocally what makes those T cell responses protective and open the way to 

finding vaccines that elicit similar CD8+ T cell responses in humans.

Viral variability

An issue that is difficult to address adequately with studies of vaccines against SIV is the 

variability of HIV-1. This impairs vaccine efficacy in two ways. First, there is a high 

likelihood of a mismatch between the vaccine sequences and the infecting virus. For CTLs, 

a difference of a single amino acid in an epitope (~10% variance) has a 30–50% chance of 

negating recognition by T cells12. Within an HIV-1 subtype, viral sequences vary by 10–

20%, with Env, transactivator of transcription (Tat) and Nef being more variable than Gag 

p24 or Pol. Between clades, the differences are much greater. Second, if an infecting virus is 

not immediately silenced, there is considerable potential for the virus to escape and for the 

loss of any vaccine-induced protection13. That probably occurred in the STEP trial, in which 

there was ‘sieving’ of epitope sequences by the T cell responses, which could have 

abrogated weak protective effects14. Given that the HVTN505 trial generated CD8+ T cells 

that were mostly specific for Env, similar events might have masked weak protection in a 

subset of subjects.

Two new strategies for a CD8+ T cell–eliciting vaccine against HIV-1 that focus on the 

immunogen rather than the vector are aimed at addressing those issues (Fig. 2). The first is 

the ‘mosaic’ approach15–17. In this strategy, the vaccine comprises two or more sequences, 

administered together. Those are designed from naturally occurring viral sequences but are 

engineered to maximize perfect coverage of a nine–amino acid segment shared by the most 

common variants but always include naturally occurring sequence stretches. Thus, a two-

mosaic vaccine can cover the two most common alternatives at each variable position. More 

components would be even better, but the practicalities of vaccine manufacturing limit this 

to two or three. Such constructs provide much better coverage by testing all possible nine–

amino acid sequences for matches compared with those of vaccines containing natural, 

consensus or ancestral HIV-1 sequences. When administered to monkeys, mosaic vaccines 

induced stronger, broader (more epitopes) and deeper (greater cross-reactivity, including 

variations not in the immunogen itself) responses than did single immunogens16,17. 

However, natural T cell–response immunodominance patterns were seen, with no focus on 

the more conserved epitopes. Although strong responses to the conserved epitopes were 

noted, they were often subdominant to variable epitopes18. So, unless nearly complete 

control of a virus is achieved, the virus could still escape by mutating those variable 
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epitopes, particularly when the responding cells are immunodominant, so that the T cells 

outcompete those specific for more conserved epitopes13.

The second approach focuses CTLs only on conserved epitopes19–21. This could be achieved 

through the use of vaccines comprising strings of epitopes, but these are poorly 

immunogenic22, and the diversity of epitopes dictated by genetic polymorphism in HLA 

molecules and multiple junctions between epitopes that could interfere with T cell responses 

are confounding factors. Therefore, vaccine candidates comprising only the most conserved 

regions of the HIV-1 genome have been designed to focus T cell responses on the least 

variable epitopes, which allows multiple HLA types to select epitopes in the construct19,20. 

Another group has gone a step further by identifying epitopes associated with good control 

of the virus in very large patient cohorts21. Many of those epitopes are highly conserved and 

are in Gag p24 or Pol, so there is overlap between the approaches. Because of residual 

variability even in ‘conserved’ regions, the coverage (as defined above) of these 

immunogens is not quite as good as that of mosaic constructs, but it would be a small step to 

construct mosaics of the conserved region–containing vaccine(s) and thereby improve the 

match to any infecting virus and further limit the chances that the virus would escape after 

infection. A theoretical risk of using such artificial immunogens is that the T cells induced 

could be specific for epitopes only processed and presented from the construct rather than 

from natural HIV-1-infected cells. However, human T cells induced by a vaccine containing 

conserved regions recognize HIV-infected cells and suppress virus replication in vitro23.

Should Env be included in a vaccine that stimulates CTLs?

It is frequently argued that an Env immunogen should be included in any vaccine against 

HIV to be used in efficacy trials because of the RV144 trial result; the vaccine might 

generate protective non-neutralizing antibodies. However, Env-specific CTLs have never 

been shown to be protective, either in the HVTN 505 trial8 or in natural-history studies21,24, 

probably because of epitope variability. So not only might Env-specific CTLs be ineffective 

but also, if they were immunodominant, as in the HVTN505 trial8, they might lessen the 

effectiveness of CTLs specific for conserved epitopes by competing for epitopes on the 

same infected cells. Although some monkey studies have shown that the inclusion of Env 

can reduce acquisition of SIV after multiple low-dose challenges, akin to the results 

obtained in the RV144 trial, the protection only delays infection and has little effect on viral 

load25. The RhCMV vectors used in the studies noted above9,10 did contain the gene 

encoding Env together with most other SIV genes, but there was no detectable antibody 

response, and the CTL responses were so broad and atypical that any positive or negative 

effects of Env-specific CTLs were probably diluted. Overall, the case for adding Env, in a 

form that does not induce broadly neutralizing antibodies, to a CTL-inducing vaccine is 

unconvincing.

Vectors

For the induction of CTL responses, the vaccine vectors used will be as critical as the insert. 

In humans, adenovirus 5 vectors have induced strong CTL responses7, but uncertainty 

remains about the increased risk of acquisition of infection. The careful use of vectors that 
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do not cross-react with recurrent human pathogens and that stimulate mainly CD8+ T cells 

rather than CD4+ T cells is probably the best way forward. Replicating viral vectors with 

low seroprevalence in the population remain an attractive option because of their potential to 

mimic the best attributes of successful live attenuated vaccines26. The use of other viral 

vectors, as well as approaches that incorporate DNA transfected into cells through 

electroporation, need to be further explored and compared. A human version of the CMV 

vector that has enabled clearance of SIV in monkeys is an exciting possibility, but ensuring 

safety (given that CMV is a persistent, replicating, pathogenic human virus) remains 

paramount and will present regulatory challenges. Numerous strategies to engineer human 

CMV to address the safety concerns are in development at present. Alternatively, it might be 

possible to design other vectors, including those that incorporate other herpes viruses, that 

elicit the same kind of T cell response10,11. Finding correlates of protection in the 50% of 

RhCMV-vaccinated monkeys that clear SIV could open this route to other vectors.

Selecting vaccines for efficacy trials

If a future vaccine is designed that stimulates the production of broadly neutralizing 

antibodies in phase I vaccine trials, there would be a strong case to take it to an efficacy 

trial. It will be more difficult to select candidate vaccines that stimulate protective non-

neutralizing antibodies4. Extensions of the RV144 trial are being planned in Thailand, and 

trials with related products that use more potent adjuvants and additional vectors are planned 

for initiation in South Africa beginning in 2016, in subjects at high risk for infection with 

HIV. If efficacy is achieved, these trials might provide greater understanding of the 

immunological correlates of protection and might provide benchmarks for the future 

selection of candidates for efficacy trials. However, there is a risk that the initial result may 

not be repeatable or that protection will be lower in populations at very high risk of infection 

with HIV-1.

For CTLs, the most likely correlates of protection will be the specificity and breadth of the T 

cells and their functional activity11,13,21, although these parameters could be refined once 

more is known about how the vaccine delivered via the CMV vector works. To deal with 

viral variability, mosaic vaccines or conserved region–containing vaccines delivered by 

strong vectors or with good adjuvants should generate strong CTL responses to conserved or 

protective epitopes13,27. The requisite quality of the T cells remains more controversial. The 

most relevant test is probably suppression of virus-infected cells in vitro28,29, arguably the T 

cell equivalent of neutralization of the virus by antibodies, although the standardization of 

panels of viruses to assess breadth of HIV-specific CTL responses in vitro is still in its 

infancy. Suppression of virus in that assay correlated directly with control of the virus28,30 

and correlated inversely with the rate of the decrease in CD4+ T cell numbers in a 

prospective study of acute infection29. Suppression of virus in vitro and in vivo correlates 

with antigen sensitivity, the use of T cell antigen receptors and lytic capacity27,31,32. 

However, the CTLs also must persist, and this may require the use of persisting vectors 

(exemplified by RhCMV), repeated delivery of immunogens or the use of slowly released 

immunogens.
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Thus, the aim should be to find vaccines that stimulate high CTL responses that are both 

broad and specific for conserved epitopes, are able to suppress HIV-1 replication in vitro 

and are sustained for several months. Such vaccines would be identified in phase I trials. 

Once a suitable candidate is found for efficacy testing, should it be tested alone or in 

combination with an Env-containing vaccine able to generate broadly neutralizing 

antibodies or other protective antibodies? If the two approaches are distinct (i.e., the vaccine 

that elicits CD8+ T cells focuses on conserved or mosaic internal protein epitopes, and the 

antibody-inducing vaccine elicits Env-specific antibodies with few or no CTLs), the two 

vaccines should not interfere with each other. One strategy to help accelerate vaccine 

development would be an adaptive design in which the Env and CTL-eliciting components 

are tested individually and in combination. However, it is unlikely that both components of 

the vaccine will be available for testing at the same time. Therefore, if the data warrant 

advancing a CTL-based vaccine to efficacy trials, the vaccine should not be held back 

awaiting an appropriate vaccine based on antibodies to HIV Env.

Efficacy trial end points for vaccines that induce CTLs

Until now, CTL-inducing vaccines have been aimed at reducing a set point of the viral load. 

However, that endpoint will be confounded by the increasing use of early antiretroviral 

therapy, before the set point is reached, both for treatment and to prevent further 

transmission33. Also, set point is strongly influenced by HLA type34 and viral virulence35. 

Therefore, a set point of viral load is an unsatisfactory primary endpoint for vaccine trials.

The results obtained for RhCMV10,11 suggest that acquisition of infection with HIV-1 could 

be an endpoint, provided enough time is given for the initial viremia to be cleared10,11. 

Because some blood sampling might hit the viremic peak or a ‘blip’ of viremia, at least two 

measurements of viral load would be needed. If incomplete control of the virus were 

achieved, the viral load in plasma at 6 months or later would be a useful secondary endpoint 

in those subjects not already on antiretroviral therapy. Similarly, measurement of the 

‘sieving’ effects on viral sequence attributable to vaccine-induced CTL responses might also 

be useful. More discussion of endpoints is needed, but this should not deter the development 

of new vaccines that stimulate CTL responses. Such vaccines could yet serve a vital role in 

the fight to prevent and control infection with HIV-1.

CONCLUSIONS

The ‘T cell vaccine’ approach has always been considered less than ideal and finds few 

precedents among existing successful vaccines. However, results obtained with SIV models 

in which infections have been aborted or cleared suggest that such vaccines may have 

greater value than previously thought. Novel ways of dealing with viral diversity are also 

encouraging. In summary, vaccines that elicit T cells at a minimum may complement 

antibody-stimulating vaccines and potentially could offer some protection on their own.
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Figure 1. 
Control of SIV or HIV-1 by vaccines that stimulate CTLs. Effect of various T cell–

stimulating vaccines (key) on viral load over time (with infection on day 0) during natural 

infection with HIV or SIV, showing the decrease in viral load achieved without a vaccine 

(None), by CTL responses (Partial control; as in ref. 6, for example), by the RhCMV 

vaccine (Slow eradication)9,10 and by a hypothetical vaccine that targets the virus at the site 

of infection (Rapid eradication).
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Figure 2. 
Vaccines that deal with HIV-1 variability. Construction of vaccines based on viral sequences 

in four viral isolates (top; simplified representation): horizontal lines indicate viral 

sequences; circles indicate sites of greatest variability between isolates (and potential escape 

mutations from CTL pressure; there may be more than two alternative sequences at each 

spot); and blue lines indicate regions of relative conservation (although in reality no region 

of HIV-1 is invariant). The mosaic vaccine (middle) is constructed to include the most 

common variants from the isolates in as few strands as possible while conserving naturally 

occurring sequence stretches. In the conserved region–containing vaccine (bottom), the 

relatively conserved regions (blue) are excised and then are ‘stitched’ together (which 

creates an unnatural junctional region). The regions typically vary from 30 to 120 amino 

acids in length.
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