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Introduction

Although antibody studies have moved to the forefront of
HIV-1 vaccine research since the RV144 trial [1,2], it seems
likely that complementary CD8þ T-cell immunity will be
necessary. This is the best defined protective factor in
established HIV-1 infection, based on numerous lines of
evidence, including reduced simian immunodeficiency
virus (SIV) containment after depletion of CD8þ cells in
infected macaques [3–5], HIV-1 sequence evolution
predominately in CD8þ T-cell epitopes [6], class I human
leukocyte antigen (HLA-I) locus being the greatest genetic
determinant of immune control [7] and temporal
correlation of the CD8þ T-cell response to drop of
viremia during acute infection [8,9]. Although less certain,
this arm of immunity may contribute to preventing HIV-1
infection as well. HIV-1-specific CD8þ T cells can kill
infected cells before virion production and sterilize viral
cultures in vitro [10,11], and have been observed in some
highly exposed yet uninfected persons such as a cohort of
commercial sex workers in Nairobi [12].
Generating HIV-1-specific CD8þ T-cell responses by
vaccination has been challenging. Exogenous proteins
have poor access to the HLA-I pathway, thus numerous
vectored approaches have been tested [1]. The most
potent in humans has been recombinant adenovirus
serotype 5 (rAd5), in versions from Merck Research
Laboratories (MRK) and the NIH Vaccine Research
Center (VRC). Unfortunately, efficacy trials have been
 Copyright © 2015 Wolters Kluwe
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disappointing and raised questions about the safety of
rAd5 vectors.
Failure of two recombinant adenovirus
serotype 5 HIV-1 vaccines in human
efficacy trials and a question of increased
susceptibility to infection caused by
recombinant adenovirus serotype 5

HVTN 502 (Step) [13] administered three MRK rAd5
doses to MSM and at-risk women in the USA and
Australia (Table 1), and was halted for futility at the
midpoint. Infection rates between vaccine (24/741) and
placebo (21/762) groups were not statistically different,
but subgroup analyses suggested an increased incidence
of infection in vaccinated men who were either Ad5-
seropositive prevaccination or uncircumcised [14]. The
South African Phambili study [15] of the same regimen
was discontinued and unblinded early (after one or two
vaccinations in most participants) due to the Step results.
In 42 months of unblinded follow-up, there was a higher
rate of HIV-1 infection (largely in men) in the vaccine
group (63/400 vaccines versus 37/400 placebo recipi-
ents), although unlike Step this was unrelated to Ad5
serostatus or circumcision [16].

HVTN 505 tested VRCrAd5 (containing additional
genomic deletions) as a single boost after three DNA
r Health, Inc. All rights reserved.
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priming vaccinations [17]. Only Ad5-seronegative
circumcised men and transgender women were enrolled,
based on the Step results. This study was also halted for
futility, with HIV-1 infections in 41 out of 1251 vaccines
and 31 out of 1251 placebo recipients, of which 27 and
21, respectively, occurred at least 4 weeks after
completing all vaccinations. In contrast to Step, HVTN
505, and preceding studies of VRC rAd5 vaccination, did
not reveal increased infections [18], although it is
unclear whether this is due to a biological difference,
the different participant population or insufficient
statistical power. VRC and MRK rAd5 vaccines differed
in inserts (Table 1), further raising the possibility that
different inserts played roles, such as Env-induced
antibodies reducing risk of infection as suggested by
macaque vaccine studies [19,20].
Role of preexisting adenovirus immunity in
increased HIV-1 infection risk after
recombinant adenovirus serotype 5
vaccination?

The increased infection rate in men with baseline Ad5
seropositivity in Step is further supported by observed
Ad5-specific cellular immune boosting invaccines [21,22],
data that Ad5 exposure of PBMC from Ad5-seropositive
persons causes proliferation of mucosal-homed HIV-1-
susceptible CD4þ T cells [23], and the observation that
Ad5-specific CD4þ T cells (generated either by natural
infection or rAd5 vaccination) appear to be more
susceptible to infection than cytomegalovirus (CMV)-
specific CD4þ T cells [24]. However, none of the trials
included a control vector-only group to distinguish
between contributions of responses against rAd5 versus
HIV-1 inserts. Indeed, an SIV-macaque study recapitulat-
ing Step observed that increased susceptibility to penile SIV
challenge was seen for rAd5 delivering SIV gag/pol/nef but
not empty rAd5 vector, suggesting a role for inserts [25].
Further evidence against rAd5 as the sole cause of increased
susceptibility to HIV-1 infection is that Ad5-seronegative
Step vaccines had an unchanged incidence of HIV-1
infection despite observed expansion of Ad5-specific
CD4þT lymphocytes [13,26], although this expansion was
not noted in another MRK rAd5 vaccine study [27].
Poorly understood effects of recombinant
adenovirus serotype 5 vaccines in the
mucosal compartment

Mucosal compartments as major sites for HIV-1
transmission and viral replication have been understudied
in humans. Gastrointestinal mucosa is also a major
reservoir of chronic adenoviral infections and Ad-specific
CD4þ T lymphocytes [28]. A VRC rAd5 vaccine study
(HVTN 076) demonstrated increased CCR5-expressing
ealth, Inc. All rights reserved.
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CD4þ T lymphocytes in rectal mucosal after vaccination,
suggesting a role for increased target cell availability in the
increased HIV-1 infections in Step vaccines [18]. When
HVTN 505 was modified posthoc to examine rectal
mucosa, no HIV-1-specific cells were detected in that
compartment, although more than a year had elapsed after
last vaccination. Although collecting and analysing
mucosal samples is operationally and technically challen-
ging, this will be important for safety and efficacy
evaluation in future efficacy studies of HIV-1 preventive
vaccines.
Consideration of other recombinant
Adenovirus vaccine vectors

Concern regarding preexisting vector immunity
prompted development of other rAd serotype vectors
with lower seroprevalence than Ad5, including Ad26 and
Ad35, which have shown promise in macaques [29,30]
and early human trials [31,32]. Given concern over
cellular immune cross-reactivity across different human
adenovirus serotypes, nonhuman primate rAd types have
also been considered, although cellular immune cross-
reactivity has been noted across human and chimpanzee
adenoviruses [33]. Further human studies will be required
to examine the risk of Ad cross-reactive cellular immunity
and risk for increased HIV-1 susceptibility. Although
including a vector-only control vaccination would be
ideal to address these issues, the potential risk without any
benefit would make it ethically difficult to justify,
particularly in high-risk populations.

Another consideration is the use of alternative serotype
replication competent recombinant Adenoviruses as
vaccine vectors. In particular, serotypes 4 and 7 have a
substantial track record of being well tolerated as oral
vaccines administered to more than 10 million persons
[34], and have been engineered as recombinant vaccine
candidates for hepatitis B [35] and influenza [36].
Whether these would have the same effects on HIV-1
acquisition as rAd5 is unclear.
The rAd5 trials inadequately reflect the
utility of CD8R T cells in an HIV-1 vaccine:
caveats to peptide-based immunogenicity
testing

The poor outcome of rAd5 vaccine trials despite being
‘immunogenic’ for HIV-1-specific CD8þT cells has raised
questions about the utility of this arm of immunity for a
vaccine. However, a major caveat is that there is little
evidence that the vaccine-elicited HIV-1-specific CD8þT
cells had the capacity to recognize HIV-1-infected cells.
Despite early reservations in this regard about the
IFN-gELISpot assay and other exogenous peptide
 Copyright © 2015 Wolters Kluwe
loaded target cell assays [37], ELISpot was the primary
tool to prioritize vaccine candidates due to its simplicity,
reproducibility and high throughput capacity. Unfortu-
nately, HIV-1-specific CD8þ T-cell ELISpot magnitudes
were similar in Step and HVTN 204 (phase IIA trial of the
VRC rAd5 vaccine preceding HVTN 505) vaccines who
subsequently became HIV-1-infected versus thosewho did
not [38,39].

A likely explanation is the discordance between ELISpot
and the capacity of CD8þ T cells to recognize virus-
infected cells; HIV-1-specific CD8þ T cells can have
sufficient avidity to be triggered by excess exogenous
peptides, but insufficient avidity for physiologic levels of
endogenously presented epitopes [40–42]. Notably,
vaccination with low versus high epitope levels yields
CD8þ T-cell responses with high versus low avidities,
respectively [43]. It is conceivable that CMV promoter-
driven expression of codon-optimized HIV-1 genes in
both rAd5 vaccines yielded supraphysiologic epitope
levels generating low-avidity CD8þ T-cell responses
detectable by ELISpot detection but unable to recognize
HIV-1-infected cells. Finally, another related possibility is
that sequence mismatch between the vaccine and
infecting HIV-1 resulted in nonrecognition by vaccine-
generated HIV-1-specific CD8þ T cells. These points are
supported by observations that some HIV-1 specific
CD8þ T cells from MRK rAd5-vaccinees have no
antiviral activity against HIV-1-infected cells with
vaccine-matched epitope sequences, or common epitope
variants (O.O. Yang, unpublished observation).
Evidence for some recombinant adenovirus
serotype 5 vaccine-induced CD8R T-cell
anti-HIV-1 activity

Successful containment of SIV by recombinant cytome-
galovirus vaccine-generated CD8þ T cells in macaques
supports the utility of this arm of immunity [44], and
there are hints that rAd5 vaccination also produced some
antiviral activity. HIV-1-infected Step vaccines had lower
plasma viremia if they had more than two Gag epitope
vaccine responses preinfection [45], and their HIV-1
sequences demonstrated a ‘sieve effect’ of greater viral
evolution in epitopes targeted by vaccine-induced CD8þ

T cells [46]. These findings highlight the importance of
considering sequence conservation and expression level
in insert design to generate antiviral CD8þ T cells [47].
Balancing vaccine-induced immune
activation versus vaccine-induced antiviral
benefit

By its very nature, adaptive immunity requires activation of
responding CD4þT-helper cells. Given the dependence of
r Health, Inc. All rights reserved.
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Non-immunogenic vector
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Fig. 1. Balance between HIV-1 acquisition risk and benefit due to vaccination-induced immune activation.
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HIV-1 replication on activation-associated transcriptional
factors, this process is a critical driver of HIV-1
pathogenesis. Mucosal immune activation in response to
HIV-1 itself likely increases target cell availability for early
viral dissemination [48], and activation of responding HIV-
1-specific CD4þ T cells leads to their clonal deletion [49].
Furthermore, vaccinations to recall antigens in general
transiently increases viral replication in infected persons
[50]. Thus, it is unclear whether enhanced susceptibility to
HIV-1 infection in some rAd5 vaccines is specific to the
vector, or more likely an effect of any immunogenic
vaccine [51].
Balancing risk versus benefit in HIV-1
vaccine approaches

Thus, there is a balance between vaccine-driven immune
activation and efficacy of vaccine-elicited responses
(Fig. 1). Although vector-specific immune activation is
ideally avoided, response to vaccine-delivered HIV-1
antigens is unavoidable. At the other end of this balance is
the efficacy of the HIV-1-specific vaccine responses, for
which there is currently no good assay to reflect both the
recognition of HIV-1-infected cells and the capacity to
avoid the viral escape that leads to ineffectiveness of the
CD8þ T-cell response in infected persons [47]. The
relative weights of the factors determining the failure of
rAd5 vaccines are unclear, but the hints of antiviral
activity in some vaccines suggest that this balance could be
manipulated favourably by insert and/or vector redesign.
Unresolved issues regarding recombinant
adenovirus serotype 5 vaccines

It remains to be confirmed whether other serotype rAd
vectors will have the generous insert capacity and
immunogenicity of rAd5, which has dendritic cell
tropism and maturational effects [52]; different Adeno-
virus serotypes vary substantially in properties such as cell
receptor usage/cell tropism and immunomodulatory
 Copyright © 2015 Wolters Kluwer H
effects. Second, the effects of rAd vectors on the mucosal
sites of HIV-1 transmission and their capacity to generate
deleterious mucosal vector-specific and deleterious versus
beneficial insert-specific responses are unknown. Third, it
is unclear whether maximizing insert gene expression
favours ineffective low-avidity responses, and how to tune
expression to generate higher avidity responses while also
increasing the magnitude and breadth of CD8þ T-cell
responses. Fourth, how best to design inserts generating
responses that recognize common epitope polymorph-
isms and avoid viral escape mutation remains to be
determined; it is increasingly clear that simplistic inserts
such as whole gag are inadequate [53–55].
Conclusion

It is likely that CD8þ T-cell response-generating vectors
will be an important complement to current humoral-
based vaccines. To date, rAd5 vectors have been the most
promising, but lack of a clear explanation for increased
HIV-1 acquisition in Step urges caution for the path
forward for rAd vectors in general. A circumspect
approach to human testing of the safety of novel vectors
and adjuvants is required, with a focus on immune
activation, vector-specific responses and insert-specific
responses at key effector sites at which HIV-1 is
transmitted. Given the potential advantages of rAd
vectors and the likely inevitability of a component of
increased HIV-1 infection risk for all vaccines, cautious
pursuit of alternative Ad serotypes is a reasonable path in
the stepwise scientific foundation of an effective HIV-1
vaccine.
Acknowledgements

O.O.Y.’s contribution to this article was supported by
grants from AIDS Healthcare Foundation and the NIH
Vaccine Trials Network. M.P.D’S. and O.O.Y. had equal
roles in conceiving and writing this manuscript.
ealth, Inc. All rights reserved.



Adenovirus vector HIV vaccines D’Souza and Yang 399

D
ow

nloaded from
 http://journals.lw

w
.com

/aidsonline by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
y

w
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
2+

Y
a6H

515kE
=

 on 03/20/2023
Conflicts of interest
There are no potential conflicts of interest for the authors.
References

1. Esparza J. A brief history of the global effort to develop a
preventive HIV vaccine. Vaccine 2013; 31:3502–3518.

2. Haynes BF, Gilbert PB, McElrath MJ, Zolla-Pazner S, Tomaras
GD, Alam SM, et al. Immune-correlates analysis of an HIV-1
vaccine efficacy trial. N Engl J Med 2012; 366:1275–1286.

3. Jin X, Bauer DE, Tuttleton SE, Lewin S, Gettie A, Blanchard J,
et al. Dramatic rise in plasma viremia after CD8(R) T cell
depletion in simian immunodeficiency virus-infected maca-
ques. J Exp Med 1999; 189:991–998.

4. Matano T, Shibata R, Siemon C, Connors M, Lane HC, Martin
MA. Administration of an anti-CD8 monoclonal antibody
interferes with the clearance of chimeric simian/human
immunodeficiency virus during primary infections of rhesus
macaques. J Virol 1998; 72:164–169.

5. Schmitz JE, Kuroda MJ, Santra S, Sasseville VG, Simon MA,
Lifton MA, et al. Control of viremia in simian immunodeficiency
virus infection by CD8R lymphocytes. Science 1999; 283:857–
860.

6. 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; 296:1439–1443.

7. Pereyra F, Jia X, McLaren PJ, Telenti A, de Bakker PI, Walker BD,
et al. The major genetic determinants of HIV-1 control affect
HLA class I peptide presentation. Science 2011; 330:1551–
1557.

8. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB. Virus-
specific CD8R cytotoxic T-lymphocyte activity associated with
control of viremia in primary human immunodeficiency virus
type 1 infection. J Virol 1994; 68:6103–6110.

9. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, Borkowsky
W, et al. Temporal association of cellular immune responses
with the initial control of viremia in primary human immuno-
deficiency virus type 1 syndrome. J Virol 1994; 68:4650–4655.

10. Yang OO, Kalams SA, Rosenzweig M, Trocha A, Jones N, Koziel
M, et al. Efficient lysis of human immunodeficiency virus type
1-infected cells by cytotoxic T lymphocytes. J Virol 1996;
70:5799–5806.

11. Yang OO, Kalams SA, Trocha A, Cao H, Luster A, Johnson RP,
et al. Suppression of human immunodeficiency virus type 1
replication by CD8R cells: evidence for HLA class I-restricted
triggering of cytolytic and noncytolytic mechanisms. J Virol
1997; 71:3120–3128.

12. Kaul R, Plummer FA, Kimani J, Dong T, Kiama P, Rostron T, et al.
HIV-1-specific mucosal CD8R lymphocyte responses in the
cervix of HIV-1-resistant prostitutes in Nairobi. J Immunol
2000; 164:1602–1611.

13. Buchbinder SP, Mehrotra DV, Duerr A, Fitzgerald DW, Mogg R,
Li D, et al. Efficacy assessment of a cell-mediated immunity
HIV-1 vaccine (the Step Study): a double-blind, randomised,
placebo-controlled, test-of-concept trial. Lancet 2008;
372:1881–1893.

14. Duerr A, Huang Y, Buchbinder S, Coombs RW, Sanchez J, del
Rio C, et al. Extended follow-up confirms early vaccine-en-
hanced risk of HIV acquisition and demonstrates waning effect
over time among participants in a randomized trial of recom-
binant adenovirus HIV vaccine (Step Study). J Infect Dis 2012;
206:258–266.

15. Gray GE, Allen M, Moodie Z, Churchyard G, Bekker LG,
Nchabeleng M, et al. Safety and efficacy of the HVTN 503/
Phambili study of a clade-B-based HIV-1 vaccine in South
Africa: a double-blind, randomised, placebo-controlled test-
of-concept phase 2b study. Lancet Infect Dis 2011; 11:507–515.

16. Gray GE, Moodie Z, Metch B, Gilbert PB, Bekker LG, Church-
yard G, et al. Recombinant adenovirus type 5 HIV gag/pol/nef
vaccine in South Africa: unblinded, long-term follow-up of the
phase 2b HVTN 503/Phambili study. Lancet Infect Dis 2014;
14:388–396.

17. Hammer SM, Sobieszczyk ME, Janes H, Karuna ST, Mulligan
MJ, Grove D, et al. Efficacy trial of a DNA/rAd5 HIV-1 pre-
ventive vaccine. N Engl J Med 2013; 369:2083–2092.
 Copyright © 2015 Wolters Kluwe
18. National Institute of Allergy and Infectious Diseases Mini-Sum-
mit on Adenovirus Platforms as HIV vaccines. Bethesda, MD; 19
September 2013.

19. Barouch DH, Stephenson KE, Borducchi EN, Smith K, Stanley K,
McNally AG, et al. Protective efficacy of a global HIV-1 mosaic
vaccine against heterologous SHIV challenges in rhesus mon-
keys. Cell 2013; 155:531–539.

20. Roederer M, Keele BF, Schmidt SD, Mason RD, Welles HC,
Fischer W, et al. Immunological and virological mechanisms of
vaccine-mediated protection against SIV and HIV. Nature
2014; 505:502–508.

21. Pine SO, Kublin JG, Hammer SM, Borgerding J, Huang Y,
Casimiro DR, et al. Preexisting adenovirus immunity modifies
a complex mixed Th1 and Th2 cytokine response to an Ad5/
HIV-1 vaccine candidate in humans. PLoS One 2011;
6:e18526.

22. Frahm N, DeCamp AC, Friedrich DP, Carter DK, Defawe OD,
Kublin JG, et al. Human adenovirus-specific T cells modulate
HIV-specific T cell responses to an Ad5-vectored HIV-1 vac-
cine. J Clin Invest 2012; 122:359–367.

23. Benlahrech A, Harris J, Meiser A, Papagatsias T, Hornig J, Hayes
P, et al. Adenovirus vector vaccination induces expansion of
memory CD4 T cells with a mucosal homing phenotype that
are readily susceptible to HIV-1. Proc Natl Acad Sci U S A 2009;
106:19940–19945.

24. Hu H, Eller MA, Zafar S, Zhou Y, Gu M, Wei Z, et al. Preferential
infection of human Ad5-specific CD4 T cells by HIV in Ad5
naturally exposed and recombinant Ad5-HIV vaccinated in-
dividuals. Proc Natl Acad Sci U S A 2014; 111:13439–13444.

25. Qureshi H, Ma ZM, Huang Y, Hodge G, Thomas MA, DiPas-
quale J, et al. Low-dose penile SIVmac251 exposure of rhesus
macaques infected with adenovirus type 5 (Ad5) and then
immunized with a replication-defective Ad5-based SIV gag/
pol/nef vaccine recapitulates the results of the phase IIb step
trial of a similar HIV-1 vaccine. J Virol 2012; 86:2239–2250.

26. Hutnick NA, Carnathan DG, Dubey SA, Makedonas G, Cox KS,
Kierstead L, et al. Baseline Ad5 serostatus does not predict Ad5
HIV vaccine-induced expansion of adenovirus-specific CD4R
T cells. Nat Med 2009; 15:876–878.

27. O’Brien KL, Liu J, King SL, Sun YH, Schmitz JE, Lifton MA, et al.
Adenovirus-specific immunity after immunization with an Ad5
HIV-1 vaccine candidate in humans. Nat Med 2009; 15:873–
875.

28. Roy S, Calcedo R, Medina-Jaszek A, Keough M, Peng H, Wilson
JM. Adenoviruses in lymphocytes of the human gastro-intest-
inal tract. PLoS One 2011; 6:e24859.

29. Barouch DH, Liu J, Li H, Maxfield LF, Abbink P, Lynch DM, et al.
Vaccine protection against acquisition of neutralization-
resistant SIV challenges in rhesus monkeys. Nature 2012;
482:89–93.

30. Ratto-Kim S, Currier JR, Cox JH, Excler JL, Valencia-Micolta A,
Thelian D, et al. Heterologous prime-boost regimens using
rAd35 and rMVA vectors elicit stronger cellular immune re-
sponses to HIV proteins than homologous regimens. PLoS One
2012; 7:e45840.

31. Baden LR, Walsh SR, Seaman MS, Tucker RP, Krause KH, Patel
A, et al. First-in-human evaluation of the safety and immuno-
genicity of a recombinant adenovirus serotype 26 HIV-1 Env
vaccine (IPCAVD 001). J Infect Dis 2013; 207:240–247.

32. Keefer MC, Gilmour J, Hayes P, Gill D, Kopycinski J, Cheese-
man H, et al. A phase I double blind, placebo-controlled,
randomized study of a multigenic HIV-1 adenovirus subtype
35 vector vaccine in healthy uninfected adults. PLoS One 2012;
7:e41936.

33. Hutnick NA, Carnathan D, Demers K, Makedonas G, Ertl HC,
Betts MR. Adenovirus-specific human T cells are pervasive,
polyfunctional, and cross-reactive. Vaccine 2010; 28:1932–
1941.

34. Gaydos CA, Gaydos JC. Adenovirus vaccines in the U.S. mili-
tary. Mil Med 1995; 160:300–304.

35. Tacket CO, Losonsky G, Lubeck MD, Davis AR, Mizutani S,
Horwith G, et al. Initial safety and immunogenicity studies of an
oral recombinant adenohepatitis B vaccine. Vaccine 1992;
10:673–676.

36. Alexander J, Ward S, Mendy J, Manayani DJ, Farness P, Avanzini
JB, et al. Preclinical evaluation of a replication-competent
recombinant adenovirus serotype 4 vaccine expressing influ-
enza H5 hemagglutinin. PLoS One 2012; 7:e31177.
r Health, Inc. All rights reserved.



400 AIDS 2015, Vol 29 No 4

D
ow

nloaded from
 http://journals.lw

w
.com

/aidsonline by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
y

w
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
2+

Y
a6H

515kE
=

 on 03/20/2023
37. Yang OO. Will we be able to ’spot’ an effective HIV-1 vaccine?
Trends Immunol 2003; 24:67–72.

38. McElrath MJ, De Rosa SC, Moodie Z, Dubey S, Kierstead L,
Janes H, et al. HIV-1 vaccine-induced immunity in the test-of-
concept Step study: a case-cohort analysis. Lancet 2008;
372:1894–1905.

39. Churchyard GJ, Morgan C, Adams E, Hural J, Graham BS,
Moodie Z, et al. A phase IIA randomized clinical trial of a
multiclade HIV-1 DNA prime followed by a multiclade rAd5
HIV-1 vaccine boost in healthy adults (HVTN204). PLoS One
2011; 6:e21225.

40. Bennett MS, Ng HL, Ali A, Yang OO. Cross-clade detection
of HIV-1-specific cytotoxic T lymphocytes does not reflect
cross-clade antiviral activity. J Infect Dis 2008; 197:390–
397.

41. Bennett MS, Ng HL, Dagarag M, Ali A, Yang OO. Epitope-
dependent avidity thresholds for cytotoxic T-lymphocyte
clearance of virus-infected cells. J Virol 2007; 81:4973–
4980.

42. Valentine LE, Piaskowski SM, Rakasz EG, Henry NL, Wilson
NA, Watkins DI. Recognition of escape variants in ELISPOT
does not always predict CD8R T-cell recognition of simian
immunodeficiency virus-infected cells expressing the same
variant sequences. J Virol 2008; 82:575–581.

43. Alexander-Miller MA, Leggatt GR, Berzofsky JA. Selective ex-
pansion of high- or low-avidity cytotoxic T lymphocytes and
efficacy for adoptive immunotherapy. Proc Natl Acad Sci U S A
1996; 93:4102–4107.

44. Hansen SG, Piatak M Jr, Ventura AB, Hughes CM, Gilbride RM,
Ford JC, et al. Immune clearance of highly pathogenic SIV
infection. Nature 2013; 502:100–104.

45. Janes H, Friedrich DP, Krambrink A, Smith RJ, Kallas EG, Horton
H, et al. Vaccine-induced gag-specific T cells are associated
with reduced viremia after HIV-1 infection. J Infect Dis 2013;
208:1231–1239.
 Copyright © 2015 Wolters Kluwer H
46. Rolland M, Tovanabutra S, deCamp AC, Frahm N, Gilbert PB,
Sanders-Buell E, et al. Genetic impact of vaccination on break-
through HIV-1 sequences from the STEP trial. Nat Med 2011;
17:366–371.

47. Yang OO. CTL ontogeny and viral escape: implications for
HIV-1 vaccine design. Trends Immunol 2004; 25:138–142.

48. Haase AT. Targeting early infection to prevent HIV-1 mucosal
transmission. Nature 2010; 464:217–223.

49. Douek DC, Brenchley JM, Betts MR, Ambrozak DR, Hill BJ,
Okamoto Y, et al. HIV preferentially infects HIV-specific
CD4R T cells. Nature 2002; 417:95–98.

50. Stanley SK, Ostrowski MA, Justement JS, Gantt K, Hedayati S,
Mannix M, et al. Effect of immunization with a common recall
antigen on viral expression in patients infected with human
immunodeficiency virus type 1. N Engl J Med 1996; 334:1222–
1230.

51. Fauci AS, Marovich MA, Dieffenbach CW, Hunter E, Buchbin-
der SP. Immunology Immune activation with HIV vaccines.
Science 2014; 344:49–51.

52. Lyakh LA, Koski GK, Young HA, Spence SE, Cohen PA, Rice NR.
Adenovirus type 5 vectors induce dendritic cell differentiation
in human CD14(R) monocytes cultured under serum-free
conditions. Blood 2002; 99:600–608.

53. Balamurugan A, Ali A, Boucau J, Le Gall S, Ng HL, Yang OO.
HIV-1 gag cytotoxic T lymphocyte epitopes vary in presenta-
tion kinetics relative to HLA class I downregulation. J Virol
2013; 87:8726–8734.

54. Chen DY, Balamurugan A, Ng HL, Yang OO. Antiviral activity
of human immunodeficiency virus type 1 Gag-specific cyto-
toxic T lymphocyte targeting is not necessarily intrinsically
superior to envelope targeting. J Virol 2011; 85:2474–2478.

55. Mothe B, Llano A, Ibarrondo J, Daniels M, Miranda C,
Zamarreno J, et al. Definition of the viral targets of protective
HIV-1-specific T cell responses. J Transl Med 2011; 9:208.
ealth, Inc. All rights reserved.


	Adenovirus vectors as HIV-1 vaccines: where are we? What™next?
	Introduction
	Failure of two recombinant adenovirus serotype 5 HIV-1 vaccines in human efficacy trials and a question of increased susceptibility to infection caused by recombinant adenovirus serotype 5
	Role of preexisting adenovirus immunity in increased HIV-1 infection risk after recombinant adenovirus serotype 5 vaccination?
	Poorly understood effects of recombinant adenovirus serotype 5 vaccines in the mucosal compartment
	Consideration of other recombinant Adenovirus vaccine vectors
	The rAd5 trials inadequately reflect the utility of CD8&plus; T cells in an HIV-1 vaccine: caveats to peptide-based immunogenicity testing
	Evidence for some recombinant adenovirus serotype 5 vaccine-induced CD8&plus; T-cell anti-HIV-1 activity
	Balancing vaccine-induced immune activation versus vaccine-induced antiviral benefit
	Balancing risk versus benefit in HIV-1 vaccine approaches
	Unresolved issues regarding recombinant adenovirus serotype 5 vaccines
	Conclusion
	Acknowledgements
	Conflicts of interest



