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Abstract

Background

Durability of vaccine-elicited immune responses is one of the key determinants for vaccine
success. Our aim is to develop a vaccination strategy against the human immunodeficiency
virus type 1 (HIV-1), which induces protective and durable CD8* T-cell responses. The
central theorem of our approach is to focus T cells on highly conserved regions of the HIV-1
proteome and this is achieved through the use of the first-generation conserved vaccine
immunogen HIVconsv. This immunogen vectored by plasmid DNA, simian adenovirus and
poxvirus MVA was tested in healthy, HIV-1-negative adults in UK and induced high magni-
tudes of HIVconsv-specific plurifunctional CD8" T cells capable of in vitro HIV-1 inhibition.
Here, we assessed the durability of these responses.

Methods

Vaccine recipients in trial HIV-CORE 002 were invited to provide a blood sample at 1 and 2
years after vaccination. Their PBMCs were tested in IFN-y ELISPOT, 25-analyte Luminex,
CFSE proliferation and intracellular cytokine staining assays, the last enhanced by HLA-
peptide dextramer analysis.

Results

12/12 (1 year) and 8/8 (2 years) returning subjects had median (range) of 990 (150-2495)
and 763 (70-1745) IFN-y SFU/10° PBMC specific for HIVconsv, respectively, and recog-
nized 5 (1-6) out of 6 peptide pools at 2 years. Over one-half of the HIVconsv—specific cells
expressed at least 3 functions IFN-y, TNF-a and CD107a, and were capable of proliferation.
Among dextramer-reactive cells, naive, transitional, effector and terminally differentiated
memory subsets were similarly represented.
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Conclusions

First generation HIVconsv vaccine induced human T cells, which were plurifunctional and
persisted for at least 2 years.

Trial registration
ClinicalTrials.gov NCT01151319

Introduction

A truly efficacious vaccination should elicit life-long immunity in vaccine recipients [1]. Such
long-lasting protection may require concerted actions of both antibodies and CD8" cytotoxic
T lymphocytes (CTL), and will depend on the induction and maintenance of protective levels
of immune memory, which can upon exposure to incoming infection either directly or follow-
ing a rapid expansion exert effector functions [2]. Requirements for immunity against infec-
tions and/or subsequent disease are rarely well defined. While defence against different
pathogens in general utilizes common mechanisms, in detail protective effector functions
differ from pathogen to pathogen [3-7].

Our aim is to develop a vaccination regimen, which induces effective CD8" T-cell responses
against human immunodeficiency virus type 1 (HIV-1) [8, 9]. In humans, indirect evidence
for the protective role of CD8" T cells against HIV-1 comes from the temporal association of
their expansion and resolution of primary viremia [10-15], extensive virus escape in targeted
epitopes [12, 16-18] association of certain HLA class I allotypes with good clinical outcomes
[11, 16, 17, 19-21] and identification of protective CD8" T-cell epitopes in antiretroviral treat-
ment (ART)-naive patients [22-24]. Model infection of rhesus macaques with simian immu-
nodeficiency virus (SIV) provided a direct demonstration that CD8" cell depletion in infected
macaques resulted in increased viremia [25, 26]. More recently, vaccines vectored by engi-
neered molecular clone 68.1 of rhesus cytomegalovirus controlled [27-30] and eventually
cleared [31] SIV infection in over half of experimentally challenged animals in the absence of
SIV-specific antibody responses. Thus, vaccine induction of highly effective CTL could signifi-
cantly contribute to reducing the acquisition of HIV-1 by complementing broadly neutralizing
antibodies and may be central to HIV cure by limiting or even eliminating rebound viremia.

No simple functional or phenotypic T-cell marker has been consistently associated with
HIV-1 control. This is because antigen-specific CD8" T cells are a heterogeneous population
capable of performing multiple functions and, in natural HIV-1 infection, CTL target both
protective and non-protective epitopes [22-24], which further blurs any simplistic association
attempts. To be beneficial, CD8" T cells will have to display individually and as a population
multiple attributes including specificity, breadth, quality, quantity, location and timing [32,
33]. We argue that all these features have to be right at the same time and if any one of them is
suboptimal, the T cells/vaccine will fail to protect [8, 24]. Key parameters include specificity
for protective epitopes [22-24], parallel recognition of multiple protective epitopes [9, 34, 35],
optimal interaction with HLA-presented peptides [36], rapid expansion upon exposure to cog-
nate antigens to reach protective frequencies [37, 38], killing of infected cells and production
of soluble antiviral and intercellular signalling molecules [37-40]. Of these, IFN-y promotes an
antiviral state by converting the constitutive proteasome to the immunoproteasome [41], and
upregulates the transporter associated with antigen processing (TAP) proteins [42, 43] and

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017 2/19


https://clinicaltrials.gov/ct2/show/NCT01151319
https://doi.org/10.1371/journal.pone.0181382

@° PLOS | ONE

Long-lasting HIV-1-specific T-cell memory induced by vaccination of humans

HLA class I [44, 45]. While measuring frequencies of IFN-y-producing cells serves as an indi-
cator for the presence of a response and a useful comparator of vaccine performances, it can-
not be used alone for inferring anti-HIV-1 capacity of T cells. Therefore, other functions are
frequently measured in the context of HIV-1 and vaccination such as TNF-o, which promotes
apoptosis, inflammation and immunity [46-48], IL-2, which is the primary growth factor of T
cells [49], and cytotoxicity, which is likely the most important function of CD8" T cells, that
can be assessed indirectly by granzyme and perforin cell content [50, 51] and surface expres-
sion of lysosomal-associated membrane protein 1 (LAMP-1)/CD107a as a marker of degranu-
lation [52, 53]. Interestingly, the Fas-Fas ligand interaction, the alternative trigger of target cell
killing to perforin/granzymes [54], is thought not to be important for killing of HIV-1-infected
cells [51]. Clearly, measuring multiple functions simultaneously provides a more sensitive and
complete evaluation of both natural infection- and vaccine-induced T-cell responses.

The central hypothesis of our T-cell vaccine strategy against HIV-1 is that focusing vaccine-
elicited T cells on the conserved regions (not full-size proteins and not epitopes as a string-of-
beads) of HIV-1 proteins will efficiently target both founder/transmitted and reactivated
viruses, and if escape mutations in these regions occur, these will restrict the mutant virus rep-
licative fitness [8, 24, 55]. CTL responses to such conserved epitopes are typically subdominant
in natural infection, whereby immunodominance hierarchy often undermines their protective
potential by precluding their efficient induction [56-60].

The first generation HIV-1 conserved immunogen HIVconsv was constructed [55] and pre-
sented to the immune system using DNA, engineered non-replicating simian adenovirus and
non-replicating poxvirus modified vaccinia virus Ankara (MVA). So far, these vaccines have
been tested in 8 phase I/I]a clinical trials in both HIV-1-negative and positive subjects. High
frequencies of conserved region-specific CD8" T cells were induced, which inhibited in vitro
replication of four major HIV-1 clades ([61-67] and unpublished). Furthermore, 5 out of 13
HIV-1-positive subjects in trial BCN 02 controlled virus rebound following monitored antire-
troviral treatment pause beyond the typical four-week period [66]. A number of novel CD8" T-
cell determinants were defined in HIVconsv vaccine recipients, which will inform future T-cell
vaccine improvements and increase the power of early prediction of vaccine success or failure
[63]. Here, we characterize the HIVconsv vaccine-induced T-cell responses in HIV-1-negative
adults enrolled into trial HIV-CORE 002 [68] up to 2 years after the vaccine administration
and show persistence of plurifunctional HIV-1-specific T cells of structured memory subsets.

Materials and methods
HIV-CORE 002 trial

Phase I/Ila trial HIV-CORE 002 was approved by the National Research Ethics Service
(NRES) Committee West London (Ref: 10/H0707/52) and the UK Medicines and Healthcare
products Regulatory Agency (Ref: 21584/0271/001). The extended follow up of the original
trial HIV-CORE 002 was carried out under an approved Amendment to the Clinical Protocol.
The study was conducted according to the principles of the Declaration of Helsinki (2008) and
complied with the International Conference on Harmonization Good Clinical Practice guide-
lines. All volunteers gave written informed consent before participation. Tissue samples were
stored in the Oxford Vaccine Centre Biobank in compliance with the UK Human Tissue Act
2004 and with approval from local NRES (Ref: 10/H0504/25).

Isolation and cryopreservation of PBMCS

Blood was drawn into heparinized vacutainers (Becton Dickinson) and processed by the labo-
ratory within 6 hours. Standard procedures were used for cryopreservation [68].
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Peptides and antigens

HIVconsv peptides (Ana-Spec, San Jose, USA) and their truncated versions (GenScriptHK,
Hong Kong) were reconstituted to 10-40 mg/ml in DMSO and diluted to working stock solu-
tions of 4 mg/ml in PBS. Recognized Gag- and Pol-derived peptides were assembled into per-
sonalized pools as described previously [68].

Ex vivo IFN-y ELISPOT assay

Freshly isolated PBMCs were used in an IFN-y ELISPOT assay as described previously [68].
ELISPOT plates (S5EJ044110; Merck Millipore) pre-wetted for 1 min with 15 ul of 35% ethanol
were coated overnight at 4°C with anti-IFN-y antibody (10 pg/ml in PBS; clone 1-D1K; Mab-
tech). Prior to use, plates were washed with PBS and blocked with R10 (RPMI 1460 supple-
mented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES and
penicillin-streptomycin antibiotics; Sigma Aldrich) for a minimum of 1 hour at 37°C. The
PBMCS were plated out at 2x10° cells/well in 50 pl. For HIVconsv, Pools 1-6 responses were
detected in triplicate wells. Six negative no-peptide control wells were cells cultured in R10
supplemented with 0.45% DMSO. Positive controls in triplicate wells were cells cultured with
10 ug/ml PHA (Sigma Aldrich) or a pool of FEC peptides at 1 ug/ml. As an external positive
control, the cell line NKL was cultured in duplicate wells in the presence of 4 pg/ml PMA plus
1 pg/ml ionomycin (both from Sigma Aldrich), The cells were incubated overnight at 37°C in
5% CO,. Spots were visualised using biotin-conjugated anti-IFN-y mAb combined with alka-
line phosphate-conjugated streptavidin (both from Mabtech) and the colour was developed
using substrate BCIP/NBT™™ (Mabtech). The reaction was stopped after 5 min by washing
under the tap. The plates were air dried overnight and the spots counted using an AID ELISpot
Reader and version 5.0 software (AID GmbH). The median number of spot-forming units
(SFU) in no-peptide wells were subtracted from test wells and the results were expressed as the
median net SFU/10° PBMC.

CSFE proliferation assay

Cryopreserved PBMC were thawed, resuspended in pre-warmed PBS with 0.1% BSA at a final
concentration of 10° cells/ml and labelled with 750 nM CFSE (5(6)-Carboxyfluorescein diace-
tate N-succinimidyl ester; Molecular Probes™) for 10 min at 37°C, 5% CO,. The staining was
quenched by adding 5 volumes of ice-cold R10 followed by a 5-min incubation on ice. The
cells were pelleted, washed and plated in 96-well round-bottom plates at a concentration of

1 x 10° cells/well. The CFSE-labelled cells were then stimulated with 1.5 ug/ml of each peptide
in personalized pools or 1 pg/ml SEB (positive control) and R10 (negative control) for 5 days,
stained with a dead cell marker (LIVE/DEAD Fixable Aqua stain; Invitrogen) and anti-
CD4-BV605 (BioLegend), anti-CD3-ECD (Beckman Coulter) and anti-CD8-Aleva Fluor 700
(eBioscience) mAbs, fixed and acquired on a BD LSR II flow cytometer. Data analysis was per-
formed using Flow]Jo software (Tree Star Inc.) with gating shown in S1 Fig.

Luminex assay

Luminex is a multiplex bead array that measures multiple cytokine and chemokine production
in a single sample of culture supernatant. PBMCS were thawed and adjusted to 5 x 10° cells/ml
in tissue culture medium containing either mapped-positive peptide pools at 1.5 pg/ml per
peptide, staphylococcus enterotoxin B (SEB; Sigma-Aldrich) at 1.0 pg/ml or R10 media as a
negative control together with anti-CD28 and anti-CD49d mAbs both at 1 ug/ml in a final vol-
ume of 200 pl per well. The plates were incubated for 48 hours at 37°C, 5% CO,, and 150 ul of
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supernatant was removed from each well and stored at -80°C until use [69]. A human pre-
mixed multi-analyte kit (Magnetic Luminex screening assay, R & D Systems Ltd) was used to
measure the following analytes; IFN-y, TNF-o, TNF-f, IL-2, IL-3, IL-5. IL-6, IL-13, IL-17A,
IL-17E, IL-17F, IL-27, SDF-1a (CXCL12), IP-10 (CXCL10), MIP-1o, (CCL3), MIP-1B (CCL4),
MIP-30. (CCL20), RANTES (CCL5), FasL (CD95L), GMCSF, Granzyme A, Granzyme B, MIG
(CXCLY), Fas (CD95) and CD40L. The culture supernatants were diluted 1:1 and assayed in
duplicate according to the kit instructions. The plate was read using Luminex 200 and XPO-
NENT softwares. Levels seen in unstimulated wells were used as background controls.

Intracellular cytokine staining (ICS) assay

PBMCS were thawed and stimulated with either mapped-positive peptide pools [68] at 1.5 ug/
ml per peptide, SEB at 1.0 pg/ml or tissue culture media as a negative control. The cultures
were supplemented with anti-CD28 and anti-CD49d mAbs (Becton-Dickinson) both at

1.0 pg/ml and with anti-CD107a PE-Cy7-conjugated mAb (Becton-Dickinson). The cells were
incubated at 37°C, 5% CO, for 2 hours prior to the addition of Brefeldin A and monensin
(Becton-Dickinson) and then left in culture overnight. For HLA-dextramer staining the cells
were centrifuged briefly and the pellet re-suspended in 100 pl of PBS plus 5% BSA (Sigma-
Aldrich) plus 5 ul of HLA-A*02:01 dextramer conjugated to PE (Immudex, Copenhagen). The
cells were incubated at room temperature in the dark for 10 min. A mastermix of anti-mem-
brane marker mAbs was prepared containing LIVE/DEAD fixable aqua stain (Molecular
Probes, Invitrogen), CD8 eFluor 780 (eBiosciences), CD16 BV650, CD14 BV650, CD19 BV650
and CD4 PE-Cy5 (all from Biolegend) and 100 pl added to each tube. The cells were incubated
at 4°C for 30 min and then permeabilized using Fix/Perm solution (Becton-Dickinson) for 20
min at 4°C. The cells were washed with Perm Wash buffer (Becton Dickinson) and a master-
mix of anti-intracellular molecule mAbs was prepared containing CD3 ECD (Beckman Coul-
ter), TNF-o FITC (eBiosciences), IFN- y V450 (Becton-Dickinson), IL-2 BV605 and Perforin
APC, clone B-D48, which recognizes a determinant expressed on newly synthesized perforin
[70] (Biolegend). The cells were incubated at 4°C for 30 min, washed and fixed with 1% para-
formaldehyde in PBS prior to running on an LSRII flow cytometer (Becton-Dickinson).

Memory assay

PBMC:s were thawed, stained with 5 ul of the HLA-A*02:01 dextramer conjugated to PE for 10
minutes at room temperature, followed by the addition of 100 pl of a mastermix of anti-mem-
brane marker mAbs containing LIVE/DEAD fixable aqua stain (Molecular Probes, Invitro-
gen), CD3 ECD (Beckman Coulter), CD4 BV605 and CCR?7 Pacific blue (Biolegend), CD8
Alexa Fluor 700, CD14 PE-Cy7, CD16 PE-Cy7, CD19 PE-Cy7, CD45RA APC, CD57 FITC,
TIGIT PerCP-eFluor710, PD-1 APC-eFluor780 (eBiosciences) and CD27 Qdot 655 (Life Tech-
nologies). The cells were incubated at 4°C for a further 20 minutes, washed and fixed with 1%
paraformaldehyde in PBS prior to running on an LSRII flow cytometer (Becton-Dickinson).

IFN-y capture assay

PBMCs were thawed, stimulated for 3 hours at 37°C with either mapped-positive peptide
pools at 1.5 pg/ml per peptide, SEB (Sigma-Aldrich) at 1 pg/ml or tissue culture media as a
negative control. The cells were washed with PBS pH 7.2 plus 0.5% BSA and 2 mM EDTA,
labelled with 10 pl of IFN-y catch reagent for 5 minutes at 4°C followed by the addition of 1 ml
of warm media and incubated at 37°C for 45 minutes on a tube rotator (VWR). Immediately
following incubation, cells were placed on ice for 5 minutes, washed and stained at 4°C for 10
minutes with 100 pl of a mastermix containing IFN-y PE (Miltenyi Biotec) and the anti-
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membrane marker mAbs described above in the memory assay protocol. Cells were washed
and fixed with 1% paraformaldehyde in PBS prior to running on an LSRII flow cytometer
(Becton-Dickinson). All antibodies were used at pre-titrated, optimal concentrations. For anal-
ysis, the following gating strategy was used (S1 and S2 Figs): FSC v SSC lymphocyte gate, FSC
v LIVE/DEAD viability gate, FSC v BV650 negative dump gate, FSC-W v ESC-A doublet gate,
CD3 T-cell gate, CD4 vs CDS8 single CD4 or CD8 gate followed by each of TNF-o, IFN-V/,
CD107a and IL-2 on the T-cell subsets. Boolean gating analyses were used to determine pluri-
functional T-cell subsets (FlowJo). To examine HLA-peptide dextramer reactivity, a CD8 vs
PE analysis gate was added and Boolean gates set up for the intracellular cytokines. The anti-
perforin mAb clone used in this study cannot distinguish newly synthesized from pre-formed
perforin [70] and so perforin expression was measured in cells that also expressed either TNF-
o, INF-y, CD107a or IL-2 again using Boolean gating (S2 and S3 Figs).

Statistics

Analyses of variance were performed using GraphPad Prism 6.0d. ELISPOT and flow cytome-
try results were assumed to be non-Gaussian in distribution, thus non-parametric tests were
used throughout and medians (range) are shown. Variation among groups was assessed in
the Kruskal-Wallis test and individual group means were compared either to control using
Dunn’s multiple comparison or among themselves in pairwise comparisons followed by the
Bonferroni adjustment. For unpaired analyses, the Mann-Whitney U test was used. Correla-
tions were made using Spearman rank test. Two-tailed p values were used and p value of less
than 0.05 was considered statistically significant.

Results

Vaccine-elicited HIVconsv-specific responses were readily detected
after 2 years

Healthy, low risk HIV-1-negative adults received T-cell immunogen HIVconsv [55] (Fig 1A)
derived from conserved regions of the HIV-1 proteome in trial HIV-CORE 002, which took
place in Oxford, UK between March 2011 and April 2015 [68, 71]. HIVconsv was delivered
using plasmid DNA as pSG2.HIVconsv (D), engineered non-replicating simian adenovirus as
ChAdV63.HIVconsv (C) and non-replicating poxvirus modified vaccinia virus Ankara as
MVA . HIVconsv (M) combined into heterologous regimens. Total frequencies of vaccine-
induced and persisting HIVconsv-specific CD4" and CD8" T cells were determined in an
IFN-y ELISPOT assay using 6 pools of 15-mer peptides overlapping by 11 amino acids, which
together spanned the entire HIVconsv protein (Fig 1A).

The HIV-CORE 002 trial protocol monitored volunteers’ responses until week 28. To deter-
mine longevity of the vaccine-elicited T cells and assess any possible benefits, or their absence,
of the plasmid DNA vaccine priming, volunteers, who received the two most potent regimens
CM and DDDCM, were invited to provide blood samples at 6 months, and at 1 and 2 years
after the last vaccine administration. Of the 16 subjects in total, 12 and 8 provided blood sam-
ples at 1 and 2 years post vaccination, respectively. At both visits, all vaccine recipients had
detectable HIVconsv-specific responses in an ex vivo IFN-y ELISPOT assay (Fig 1B). As the
two CM and DDDCM regimens were not statistically separable at least in terms of the frequen-
cies of HIV-1-specific, IFN-y-producing T cells (Fig 1C) detected in an ex vivo ELISPOT assay,
their frequencies were combined and gave median (range) of 990 (150-2495) and 763 (70-
1745) SFU/10° PBMC at 1 and 2 years, respectively. At year 1, the detected responses were
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Fig 1. HIVconsv vaccine-induced human T-cell responses. (A) Schematic representations of the
HIVconsv immunogen and six pools of a total of 199 overlapping peptides used for the IFN-y ELISPOT assay.
HIVconsv is a chimeric protein assembled from 14 highly conserved regions of the HIV-1 proteome, the HIV-1
protein origins of which are colour-coded below. Each of the regions uses a consensus amino acid sequence
of the HIV-1 clade indicated above the schematics. The C-terminal epitopes include Mamu-A*01- and H-2°-
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restricted immunodominant CTL epitopes and a Pk tag recognized by a monoclonal antibody, which together
facilitate the quality control of the vaccines. (B) Fresh ex vivo net total (sum of six pools) IFN-y ELISPOT
assay frequencies of HIVconsv-specific T cells of returning healthy HIV-1-negative volunteers of trial
HIV-CORE 002, who received either the CM (top) and DDDCM (bottom) vaccine regimen, are shown
separately. Time points ‘S’ (screen) and 0—28 weeks were previously published [68] and are shown for
completeness. ‘1y’ and 2y’ indicate 1 and 2 years after the last M (MVA.HIVconsv) vaccine administration at
weeks 8 (CM) and 20 (DDDCM) indicated below the graphs. Volunteers’ ID numbers are shown on the graph
legend. (C) Fresh ex vivo net total IFN-y ELISPOT assay frequencies of HIVconsv-specific T cells after 1 and
2 years. The horizontal bars represent median frequencies for each regimen separately. The two time points
and regimens were not statistically separable.

https://doi.org/10.1371/journal.pone.0181382.g001

broad with median 5 recognized peptide pools (frequencies above 50 SFU/10° PBMC above
the no-peptide background) out of 6 pools in total.

Long-lived HIVconsv-specific cells show broad functional profile

Next, we assessed the functionality of the long-lived vaccine-induced T cells. For each volun-
teer, a personalized set of 15-mer peptides was assembled based on the mapping of stimula-
tory peptides performed previously [61-63]. Volunteers’ cryopreserved and thawed PBMCs
were incubated with a personalized peptide pool for 48 hours and the tissue culture superna-
tants were analyzed for 25 intercellular signaling factors using a Luminex assay. Overall, low
varied levels of a range of cytokines and chemokines were detected, which included those
classified as Tzl (IFN-y, TNF-a, TNF-f, IL-2 and granzymes A and B), T2 (IL-1 and
CD40L), with in vitro noncytotoxic HIV-1 inhibition (MIP-10/CCL3, MIP-13/CCL4) and
IP-10/CXCL10 (Fig 2). Using CFSE-dilution assay (S1 Fig), approximately half of the PBMC
samples proliferated upon specific peptide restimulation within the 5 days of the assay (Fig
3), which could reflect possible differences in the kinetics of the responses. The main reason
for not detecting proliferation in some samples was the very low frequency of peptide-specific
cells. Thus, low, but definite frequencies of persisting vaccine-elicited plurifunctional T-cell
populations were maintained in the circulation of the HIVconsv-vaccine recipients for at
least 2 years.

Both CD8" and CD4" memory T cells persisted

For six vaccine recipients with sufficiently high frequencies of HIVconsv-specific T cells, intra-
cellular cytokine staining assay (ICS) was performed to characterize separately persisting CD4"
and CD8" T cells (see S1 Fig for the gating strategy). Overall in the tested subjects, absolute and
relative frequencies of CD4" and CD8" T cells varied, decreased with time to below 1% of total
peripheral CD4" or CD8" T cells and displayed plurifunctionality in terms of IFN-y, TNF-o.
and IL-2 expression and degranulation revealed by CD107a surface expression upon personal-
ized peptide pool re-stimulation (Fig 4). At one end of the spectrum, subject 413 maintained
high frequencies of 0.84% of TNF-o.-producing CD4" cells by 2 years post-vaccination, while
his/her HIVconsv-specific CD8" cells decreased to approximately 0.2% of total CD8" PBMCS.
In contrast at same time point, volunteer 416 had high level of HIVconsv-specific CD8" T-cells
still at 0.8% of total CD8" PBMCS, while his/her CD4" cells were down to 0.2% of total CD4"
PBMCS. In subject 416, we also noted a good agreement of the CD107a marker with the per-
forin cell content. For this subject, we also used a panel of anti-CD45RA, anti-CCR7 and anti-
CD27 mAbs to profile the T-cell memory subsets. At the 2-year time point, the predominant
CD4" and CD8" subsets were effector memory T cells (CD45RA°CCR7'°CD27"). While
CD8" cells had as the second most abundant subpopulation terminally differentiated memory
T cells, which reverted to CD45RA positivity (CD45RAMCCR7"°CD27"), CD4* showed
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Fig 2. Long-term broad functional capacity of HIVconsv vaccine-elicited human T cells. Cryopreserved and thawed
PBMC samples from pre-vaccination (Pre), and 1 (1y) and 2 (2y) years after the last vaccine administration were re-stimulated
with pools of stimulatory 15-mer peptides assembled for each returning volunteer individually for 48 hours and the tissue
culture supernatants were analyzed in a 25-analyte Luminex assay. Individual values are shown with indicated median and
boxed interquartile range. Volunteer 416 is depicted in blue. Only cytokines and chemokines with positive responses are
shown. Results were analyzed using the Mann-Whitney U test for comparison between the long-term samples vs the pre-
vaccination sample. Significant P values are indicated by asterisks, whereby: *—less that 0.05; **—less than 0.01; ***—less
than 0.001; ****_—|ess than 0.0001.

https://doi.org/10.1371/journal.pone.0181382.9002

smaller, equally abundant fractions of transitional (CD45RA°CCR7"°CD27™) and central
(CD45RA'°CCR7MCD27™) memory T cells (Fig 4 bottom). All populations were negative for
the programmed cell death protein 1 (PD-1)/CD279 and T-cell immunereceptor with Ig and
ITIM domains (TIGIT) inhibitory markers (S2 Fig). Thus, the polychromatic flow cell analysis
revealed overall plurifunctional HIVconsv-specific human memory T cells maintained for 2

years post-vaccination.
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Fig 3. Proliferative capacity of long-term vaccine-elicited human T cells. Cryopreserved and thawed
PBMCs from pre-vaccination (Pre), 6 months (6m), and 1 (1y) and 2 (2y) years after the last vaccine
administration were labelled with CFSE, stimulated with pools of stimulatory 15-mer peptides assembled for
each returning volunteer for 5 days and analyzed using flow cytometry for dividing (decreased CFSE) CD4™*
and CD8* T cells. The CM and DDDCM vaccination regimens are indicated above. The gating strategy is
givenin S1 Fig. Individual values are shown with median as a horizontal line.

https://doi.org/10.1371/journal.pone.0181382.9003

HLA-peptide dextramer analysis confirmed plurifunctionality and
predominant effector memory T-cell subset

Five of the returning vaccinees carried the HLA-A*02:01 allele. Taking advantage of our fine
epitope mapping in this trial population [63], we used a dextramer of HLA-A*02:01-peptide
complexes to analyze YQYMDDLYV (YV9) and KLVSQGIRKYV (KV10) epitope-specific CD8"
T cells. Both epitopes originate from the HIV-1 Pol polyprotein. Thus, using the most immuno-
dominant epitope YV9 of the two, which spans the active site of the reverse transcriptase and,
therefore, is highly conserved across diverse HIV-1 variants and capable of mediating inhibition
of HIV-1-replication in vitro [61], the five volunteers ranked in the order of (from the highest)
416, 415, 418, 420 and 421 with ranging frequencies of 0.66% to 0.08% of dextramer-reactive
cells per CD8™ T cells at the 2-year re-bleed (Fig 5A). T cells specific for the weakest epitope
KV10 were tested in volunteers 416 and 418, and were of respective 0.05% and 0.01% of CD8"
T cells at year 2 (Fig 5B). For subject 416, the frequencies of both the YV9- and KV10-specific
cells decreased steadily from 6 months to 2 years after vaccination, maintaining for the strongest
YV9 responses at 0.93% to 0.76% to 0.66% of total CD8" cells, respectively (Fig 5C and 5D). Rel-
atively high frequencies of dextramer-reactive cells in subject 416 allowed definition of their
functional and memory subsets. Thus, approximately two-thirds of the YV9-specific cells were
tri-functional for the production IFN-y, TNF-o. and CD107a (Fig 5E and 5F). Proportions of
the effector memory T-cell subset decreased with time and ended balanced with fractions of
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Fig 4. Functionality and memory subtypes of vaccine-elicited human CD4* and CD8* T cells. Frozen and thawed
PBMCs from 6 months (6m), and 1 (1y) and 2 (2y) years after the last vaccine administration were stimulated with
personalized 15-mer peptide pools and subjected to ICS assay. The pie charts refer to the plurifunctionality of the responses
defined by Boolean gating. The results from six individuals are shown. For the best responder 416, memory phenotypes
were investigated by flow cytometry using IFN-V release to identify antigen-specific cells. Memory subsets are defined as
Tn—naive T cells (CD45RAMCCR7"CD27M). Tom—central memory (CD45RA°CCR7MCD27"), Try—transitional memory
(CD45RA'°CCR7'°CD27"™), Tey—effector memory (CD45RA°CCR7'°CD27'°), and Trp—terminally differentiated
(CD45RAMCCR7'°CD27").

https://doi.org/10.1371/journal.pone.0181382.9g004

terminally differentiated, transitional and naive memory subsets at 2 years (Fig 5G). The results
are similar for CD8" T cells recognizing the subdominant epitope KV10 with about one-half of
tri-functional cells (Fig 5H and 5I), diminishing effector memory subset with time and more
even representation of memory subsets at year 2 (Fig 5]). Both YV9- and KV10-specific cells
were PD1- and TIGIT-negative (S2 and S3 Figs). Thus, analysis of the dextramer-reactive CD8"
T-cells found desirable properties for a vaccine-elicited long-lived memory T cells and con-
curred with the above observations on the HIVconsv-specific CD8" T-cell population. Given
the expected more gradual continuous changes over the three time points of the specific pheno-
typic subsets, the dextramer analysis likely provides more sensitive, accurate and reproducible
measurements compared to the global CD8" T-cell evaluation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017

11/19


https://doi.org/10.1371/journal.pone.0181382.g004
https://doi.org/10.1371/journal.pone.0181382

@° PLOS | ONE

Long-lasting HIV-1-specific T-cell memory induced by vaccination of humans

A B
» 1.09 ) 0.21
3 0.9 3
20 08 20
5= 7. I 5=
cm > © m
S [ ] oo
5. 06- T
L+ 0.1
s o2 2B
30 59
) =
(a3 O R
= < 019 ag<
5 2
g o
> ool < ool
Pre 6m 1y Pre 6m 1y 2y Pre 1y 2y Pre 1y 2y Pre 6m 1y 2y Pre 6m 1y 2y Pre 1y 2y
415 416 418 420 421 416 418
Cc D
416 416
Preimmune 6 months 1vyear 2 years Preimmune 6 months 1 year 2 years
0.01% 0.93% 0.76% 0.66% 0.01% 0.11% 0.05%

0.07%

b |

©Q ©Q
[a] [a]
o o
YQYMDDLYV KLVSQGIRKV
E H
5 8 G 80
= IFN-y = IFN-y
@ o
, o 60 L2 .5 e L2
52 TNF-a s 2 TNF-a
B g 40 CD107a 8¢ o CD107a
<3 o
il ey
2 s 2
- <
< % g8 olv¥HN ... WHEE SN
6m 1y 2y 6m 1y 2y 6m 1y 2y 6m 1y 2y ém 1y 2y 6m 1y 2y 6m 1y 2y 6m 1y 2y
F G ' J
6m 1 g 10 6m 1 =G %10
l Y gz ol Hm Y gz |0 [ S
so 06 [ | T go 008 T
Q4+ EM £+ EM
Eg 04 0B 006
2y g0 92 Tim 2y g0 —_— T
/ - g R T / - 4 g R 004 ™/ Tow
o o™ o <
5 38 o1 > = T
2 2 2 - % 0.02 N
; 1] TN ]
1 3 1 <5
@ 0.0 ® 0.00
6m 1y 2y 6m 1y 2y

Fig 5. Dextramer-aided analysis of human YV9- and KV10-specific CD8"* T cells. For HLA-A*02:01-positive vaccine
recipients, frozen and thawed PBMCs from 6 months (6m), and 1 (1y) and 2 (2y) years after vaccination were incubated with
HLA-A*02:01-YV9 (A and C) or HLA-A*02:01-KV10 (B and D) dextramers together with other cell-surface markers and
analyzed using flow cytometry (S3 Fig). Alternatively, PBMCs of subject 416 were stimulated with personalized 15-mer
peptide pools and reacted with a panel of functional mAbs together with HLA-A*02:01-YV9 (E and F) or HLA-A*02:01-KV10
(H and I) dextramers. The pie charts (F and I) show the plurifunctionality of dextramer positive CD8* T cells. PBMCs from
subject 416 reactive with the HLA-A*02:01-YV9 (G) or HLA-A*02:01-KV10 (J) dextramers were phenotyped for memory
subsets defined as Ty—naive T cells (CD45RAMCCR7MCD27™). Toy—central memory (CD45RA°CCR7MCD27™), Try—
transitional memory (CD45RA'°CCR7'°CD27™), Tgy—effector memory (CD45RA°CCR7'°CD27'°), and Trp—terminally
differentiated (CD45RAMCCR7'°CD27'°) (S3 Fig).

https://doi.org/10.1371/journal.pone.0181382.9005

Discussion

In the present work, we studied the longevity of T-cell responses against HIV-1 induced by
conserved-region vaccines in trial HIV-CORE 002, which recruited healthy adults of low risk
of HIV-1 infection in the UK [68]. The first generation immunogen HIVconsv [55] utilizes 14
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conserved regions of alternating-clade-consensus amino acid sequences, which were delivered
by plasmid DNA (D), simian adenovirus ChAdV-63 (C) and MVA (M) in heterologous regi-
mens. As for the response magnitude, all 12/12 returning subjects at year 1 and 8/8 subjects at
year 2 visits after vaccination had detectable HIVconsv-specific T-cell responses. Frequencies
of specific T-cells did not differ statistically between the CM and DDDCM investigated
regimens and thus were merged for further data analyses. While the combined CM- and
DDDCM-elicited HIVconsv-specific T-cell frequencies peaked at median 5,170 IFN-y SFU/
10° PBMC [68], they declined to median of 990 SFU/10° PBMC over 1 year and 763 SFU/10°
PBMC over 2 years post vaccination, which corresponds to respective 19% and 15% of the
peak frequency. In comparison, frequencies reported in the STEP study at peak ranged 163-
686 IFN-y SFU/10° PBMC [72].

The vaccine-elicited T-cell responses persisting in subjects’ PBMCs produced an array of
cytokines and chemokines released into the culture supernatants upon HIVconsv peptide
stimulation, which included Th1- and Th2-associated factors as well as chemokines in vitro
directly involved in HIV-1 replication inhibition. Overall, the ex vivo ELISPOT, Luminex and
ICS assays correlated very well with each other (54 Fig). The levels of persisting CD4" and
CD8" T cells measured in the ICS assay ranged from 0.01% to 1% of the total T-cell subset fre-
quencies, which is broadly comparable with the ICS frequencies reported (for earlier time
points) in the other T-cell vaccine studies [67, 72, 73]. The frequencies and plurifunctionality
of HIVconsv-specific CD8" T cells using HLA-A*02:01-peptide dextramers concurred well
with those observed in the polychromatic ICS analysis and, for functionality, with the Luminex
assay. Direct detection and characterization of responses by dextramers offers rapid, sensitive
and reproducible measurements of plurifunctionality on a single cell level. While in the past,
initial simple inverse correlation between frequency of HLA-peptide tetramer-reactive cells
and plasma viral load was reported [15], this was not detected in several later studies [74-76]
most likely due to the specificity and heterogeneity of the studied T cells discussed above. Simi-
larly, while the first demonstration of plurifunctionality of human CD8" T cells presented a
possibility that certain functional pattern(s) may be associated with control of HIV-1 [3, 77],
these are not likely to be narrowed down without paying attention to T-cell specificity and the
other critical parameters. Thus, the requirement of plurifunctionality of CD8" T cells for HIV-
1 protection makes sense, but warrants further investigations.

As expected in healthy volunteers, the T cell-memory-subset analysis of vaccine elicited
responses at 1 and 2 years after vaccination revealed structured subpopulations free of PD-1
and TIGIT inhibition markers. While central memory cells (CCR7™) recirculate through the
blood and secondary lymphoid organs, effector memory cells (CCR7") transit through blood
and peripheral tissues [78-80]; both populations can be further subdivided by expression of
CD27, whereby only the CD27™ cells exhibit optimal recall proliferation and self-renewal
potential [81, 82]. However, the links between the phenotypic CD8" T cell-memory structure
to protective efficacy against pathogens is only emerging [81-83]. HIVconsv vaccines induced
both CD8" and CD4" memory T cells. This is important as CD4" T cells provide pivotal helper
signals for the generation of memory and longevity of CD8" T-cell responses. Furthermore,
about one-third of IFN-y" CD4" T cells were reported to also have a cytotoxic functional phe-
notype [84] and directly kill HIV-1-infected cells ex vivo [85].

Opverall, the HIVconsv immunogen delivered by the CM and DDDCM regimens induced
memory CD4" and CD8" T cells of desirable features lasting at least 2 years after vaccine
administration. The significance of these observations in terms of in vivo suppression of HIV-
1 replication can only be established by assessing whether or not and to which extent vaccinees
exposed to HIV-1 are protected from persistent infection and/or immunodeficiency.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017 13/19


https://doi.org/10.1371/journal.pone.0181382

@° PLOS | ONE

Long-lasting HIV-1-specific T-cell memory induced by vaccination of humans

Supporting information

S1 Fig. Gating strategy for T-cell proliferation assay by CFSE dilution.
(PDF)

S2 Fig. Gating strategy for detection of HIVconsv-specific memory T-cell subsets using
IFN-y capture assay in PBMCS of HLA-A*02:01-positive vaccine recipients.
(PDF)

S$3 Fig. Gating strategy for detection of memory CD8" T-cell subsets within dextramer-
reactive PBMCS.
(PDF)

$4 Fig. Correlations between Luminex, ICS, ELISPOT and CFSE proliferation assays.
(PDF)

Acknowledgments

The authors would like to thank the volunteers to make this work possible.

Author Contributions
Conceptualization: Tomas Hanke.

Data curation: Nathifa Moyo, Nicola J. Borthwick, Edmund G. Wee, Silvia Capucci, Tomas
Hanke.

Formal analysis: Nathifa Moyo, Nicola J. Borthwick, Edmund G. Wee, Silvia Capucci, Tomas
Hanke.

Funding acquisition: Lucy Dorrell, Tomas Hanke.

Investigation: Nathifa Moyo, Nicola J. Borthwick, Edmund G. Wee, Silvia Capucci, Lucy Dor-
rell, Tomas Hanke.

Methodology: Nathifa Moyo, Nicola J. Borthwick, Edmund G. Wee, Silvia Capucci, Lucy Dor-
rell, Tomas Hanke.

Project administration: Nicola J. Borthwick, Alison Crook, Lucy Dorrell, Tomas Hanke.
Resources: Alison Crook, Tomas Hanke.

Software: Nathifa Moyo, Nicola J. Borthwick, Edmund G. Wee.

Supervision: Nicola J. Borthwick.

Validation: Alison Crook.

Visualization: Alison Crook.

Writing - original draft: Tomas Hanke.

Writing - review & editing: Tomas Hanke.

References

1. Plotkin SA. Vaccines: correlates of vaccine-induced immunity. Clin Infect Dis. 2008; 47(3):401-9. Epub
2008/06/19. https://doi.org/10.1086/589862 PMID: 18558875.

2. Pulendran B, Ahmed R. Translating innate immunity into immunological memory: implications for vac-
cine development. Cell. 2006; 124(4):849-63. https://doi.org/10.1016/j.cell.2006.02.019 PMID:
16497593.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017 14/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181382.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181382.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181382.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181382.s004
https://doi.org/10.1086/589862
http://www.ncbi.nlm.nih.gov/pubmed/18558875
https://doi.org/10.1016/j.cell.2006.02.019
http://www.ncbi.nlm.nih.gov/pubmed/16497593
https://doi.org/10.1371/journal.pone.0181382

@° PLOS | ONE

Long-lasting HIV-1-specific T-cell memory induced by vaccination of humans

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Appay V, Nixon DF, Donahoe SM, Gillespie GM, Dong T, King A, et al. HIV-specific CD8+ T cells pro-
duce antiviral cytokines but are impaired in cytolytic function. The Journal of experimental medicine.
2000; 192:63-75. PMID: 10880527

Catalina MD, Sullivan JL, Brody RM, Luzuriaga K. Phenotypic and functional heterogeneity of EBV epi-
tope-specific CD8+ T cells. Journal of immunology. 2002; 168(8):4184-91. PMID: 11937579.

Gillespie GM, Wills MR, Appay V, O’Callaghan C, Murphy M, Smith N, et al. Functional heterogeneity
and high frequencies of cytomegalovirus-specific CD8(+) T lymphocytes in healthy seropositive donors.
Journal of virology. 2000; 74(17):8140-50. PMID: 10933725;

Hamann D, Baars PA, Rep MH, Hooibrink B, Kerkhof-Garde SR, Klein MR, et al. Phenotypic and func-
tional separation of memory and effector human CD8+ T cells. J Exp Med. 1997; 186:1407—18. PMID:
9348298

Makedonas G, Hutnick N, Haney D, Amick AC, Gardner J, Cosma G, et al. Perforin and IL-2 upregula-
tion define qualitative differences among highly functional virus-specific human CD8 T cells. PLoS path-
ogens. 2010; 6(3):e1000798. https://doi.org/10.1371/journal.ppat.1000798 PMID: 20221423;

Hanke T. Conserved immunogens in prime-bost strategies for the next-generation HIV-1 vaccines.
Expert Opin Biol Ther. 2014; 14:601-16. https://doi.org/10.1517/14712598.2014.885946 PMID:
24490585.

Haynes BF, Shaw GM, Korber B, Kelsoe G, Sodroski J, Hahn BH, et al. HIV-Host Interactions: Implica-
tions for Vaccine Design. Cell host & microbe. 2016; 19(3):292-3083. https://doi.org/10.1016/j.chom.
2016.02.002 PMID: 26922989;

Borrow P, Lewicki H, Hahn BE, Shaw GM, Oldstone MB. Virus-specific CD8+ CTL activity associated
with control of viremia in primary HIV-1 infection. J Virol. 1994; 68:6103—10.

Fellay J, Shianna KV, Ge D, Colombo S, Ledergerber B, Weale M, et al. A whole-genome association
study of major determinants for host control of HIV-1. Science. 2007; 317(5840):944-7. https://doi.org/
10.1126/science.1143767 PMID: 17641165.

Goonetilleke N, Liu MK, Salazar-Gonzalez JF, Ferrari G, Giorgi E, Ganusov VV, et al. The first T cell
response to transmitted/founder virus contributes to the control of acute viremia in HIV-1 infection. The
Journal of experimental medicine. 2009; 206(6):1253-72. Epub 2009/06/03. https://doi.org/10.1084/
jem.20090365 PMID: 19487423.

Goulder PJ, Brander C, Tang Y, Tremblay C, Colbert RA, Addo MM, et al. Evolution and transmission
of stable CTL escape mutations in HIV infection. Nature. 2001; 412(6844):334-8. https://doi.org/10.
1038/35085576 PMID: 11460164.

Koup RA, Safrit JT, Cao Y, Andrews CA, McLoed G, Borkowsky W, et al. Temporal association of cellu-
lar immune responses with the initial control of viremia in primary human immunodeficiency virus type 1
syndrome. J Virol. 1994; 68:4650-5. PMID: 8207839

Ogg GS, Jin X, Bonhoeffer S, Dunbar PR, Nowak MA, Monard S, et al. Quantitation of HIV-1-specific
cytotoxic T lymphocytes and plasma load of viral RNA. Science. 1998; 279:2103-6. PMID: 9516110

Carrington M, O’Brien SJ. The influence of HLA genotype on AIDS. Annu Rev Med. 2003; 54:535-51.
https://doi.org/10.1146/annurev.med.54.101601.152346 PMID: 12525683.

Dalmasso C, Carpentier W, Meyer L, Rouzioux C, Goujard C, Chaix ML, et al. Distinct genetic loci con-
trol plasma HIV-RNA and cellular HIV-DNA levels in HIV-1 infection: the ANRS Genome Wide Associa-
tion 01 study. PloS one. 2008; 3(12):e3907. https://doi.org/10.1371/journal.pone.0003907 PMID:
19107206;

Salazar-Gonzalez JF, Salazar MG, Keele BF, Learn GH, Giorgi EE, Li H, et al. Genetic identity, biologi-
cal phenotype, and evolutionary pathways of transmitted/founder viruses in acute and early HIV-1 infec-
tion. The Journal of experimental medicine. 2009; 206(6):1273-89. Epub 2009/06/03. https://doi.org/
10.1084/jem.20090378 PMID: 19487424.

Carrington M, Nelson GW, Martin MP, Kissner T, Vlahov D, Goedert JJ, et al. HLA and HIV-1: heterozy-
gote advantage and B*35-Cw*04 disadvantage. Science. 1999; 283:1748-52. PMID: 10073943

Goulder PJ, Walker BD. HIV and HLA class I: an evolving relationship. Immunity. 2012; 37(3):426—40.
https://doi.org/10.1016/j.immuni.2012.09.005 PMID: 22999948;

Goulder PJR, Phillips RE, Colbert RA, McAdam S, Ogg G, Nowak MA, et al. Late escape from animmu-
nodominant cytotoxic T-lymphocyte response associated with progression to AIDS. Nature Med. 1997;
3:212-7. PMID: 9018241

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. Epub 2011/12/14. https://doi.
org/10.1186/1479-5876-9-208 PMID: 22152067.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017 15/19


http://www.ncbi.nlm.nih.gov/pubmed/10880527
http://www.ncbi.nlm.nih.gov/pubmed/11937579
http://www.ncbi.nlm.nih.gov/pubmed/10933725
http://www.ncbi.nlm.nih.gov/pubmed/9348298
https://doi.org/10.1371/journal.ppat.1000798
http://www.ncbi.nlm.nih.gov/pubmed/20221423
https://doi.org/10.1517/14712598.2014.885946
http://www.ncbi.nlm.nih.gov/pubmed/24490585
https://doi.org/10.1016/j.chom.2016.02.002
https://doi.org/10.1016/j.chom.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/26922989
https://doi.org/10.1126/science.1143767
https://doi.org/10.1126/science.1143767
http://www.ncbi.nlm.nih.gov/pubmed/17641165
https://doi.org/10.1084/jem.20090365
https://doi.org/10.1084/jem.20090365
http://www.ncbi.nlm.nih.gov/pubmed/19487423
https://doi.org/10.1038/35085576
https://doi.org/10.1038/35085576
http://www.ncbi.nlm.nih.gov/pubmed/11460164
http://www.ncbi.nlm.nih.gov/pubmed/8207839
http://www.ncbi.nlm.nih.gov/pubmed/9516110
https://doi.org/10.1146/annurev.med.54.101601.152346
http://www.ncbi.nlm.nih.gov/pubmed/12525683
https://doi.org/10.1371/journal.pone.0003907
http://www.ncbi.nlm.nih.gov/pubmed/19107206
https://doi.org/10.1084/jem.20090378
https://doi.org/10.1084/jem.20090378
http://www.ncbi.nlm.nih.gov/pubmed/19487424
http://www.ncbi.nlm.nih.gov/pubmed/10073943
https://doi.org/10.1016/j.immuni.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/22999948
http://www.ncbi.nlm.nih.gov/pubmed/9018241
https://doi.org/10.1186/1479-5876-9-208
https://doi.org/10.1186/1479-5876-9-208
http://www.ncbi.nlm.nih.gov/pubmed/22152067
https://doi.org/10.1371/journal.pone.0181382

@° PLOS | ONE

Long-lasting HIV-1-specific T-cell memory induced by vaccination of humans

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Murakoshi H, Akahoshi T, Koyanagi M, Chikata T, Naruto T, Maruyama R, et al. Clinical Control of HIV-
1 by Cytotoxic T Cells Specific for Multiple Conserved Epitopes. Journal of virology. 2015; 89:5330-9.
https://doi.org/10.1128/JV1.00020-15 PMID: 25741000.

Ondondo B, Murakoshi H, Clutton G, Abdul-Jawad S, Wee EG, Gatanaga H, et al. Novel Conserved-
region T-cell Mosaic Vaccine With High Global HIV-1 Coverage Is Recognized by Protective
Responses in Untreated Infection. Mol Ther. 2016; 24(4):832—42. https://doi.org/10.1038/mt.2016.3
PMID: 26743582.

Matano T, Shibata R, Siemon C, Connors M, Lane HC, Martin MA. Administration of an anti-CD8 mono-
clonal antibody interferes with the clearance of chimeric simian/human immunodeficiency virus during
primary infections of rhesus macaques. Journal of virology. 1998; 72(1):164-9. PMID: 9420212

Schmitz JE, Kuroda MJ, Sasseville VG, Simon MA, Lifton MA, Racz P, et al. Control of viremia in simian
immunodeficiency virus infection by CD8+ lymphocytes. Science. 1999; 283:857—-60. PMID: 9933172

Hansen SG, Ford JC, Lewis MS, Ventura AB, Hughes CM, Coyne-Johnson L, et al. Profound early con-
trol of highly pathogenic SIV by an effector memory T-cell vaccine. Nature. 2011; 473(7348):523-7.
Epub 2011/05/13. https://doi.org/10.1038/nature10003 PMID: 21562493.

Hansen SG, Sacha JB, Hughes CM, Ford JC, Burwitz BJ, Scholz |, et al. Cytomegalovirus vectors vio-
late CD8+ T cell epitope recognition paradigms. Science. 2013; 340(6135):1237874. Epub 2013/05/25.
https://doi.org/10.1126/science.1237874 PMID: 23704576.

Hansen SG, Vieville C, Whizin N, Coyne-Johnson L, Siess DC, Drummond DD, et al. Effector memory
T cell responses are associated with protection of rhesus monkeys from mucosal simian immunodefi-
ciency virus challenge. Nature medicine. 2009; 15(3):293-9. Epub 2009/02/17. https://doi.org/10.1038/
nm.1935 PMID: 19219024.

Hansen SG, Wu HL, Burwitz BJ, Hughes CM, Hammond KB, Ventura AB, et al. Broadly targeted CD8
(+) T cell responses restricted by major histocompatibility complex E. Science. 2016; 351(6274):714—
20. https://doi.org/10.1126/science.aac9475 PMID: 26797147,

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(7469):100—4. Epub 2013/09/13. https://doi.org/10.
1038/nature12519 PMID: 24025770;

Demers KR, Reuter MA, Betts MR. CD8(+) T-cell effector function and transcriptional regulation during
HIV pathogenesis. Immunological reviews. 2013; 254(1):190-206. https://doi.org/10.1111/imr.12069
PMID: 23772621;

McMichael AJ, Haynes BF. Lessons learned from HIV-1 vaccine trials: new priorities and directions.
Nat Immunol. 2012; 13(5):423-7. Epub 2012/04/20. https://doi.org/10.1038/ni.2264 PMID: 22513323.

Kiepiela P, Ngumbela K, Thobakgale C, Ramduth D, Honeyborne |, Moodley E, et al. CD8+ T-cell
responses to different HIV proteins have discordant associations with viral load. Nature medicine. 2007;
13(1):46-53. https://doi.org/10.1038/nm1520 PMID: 17173051.

Rolland M, Heckerman D, Deng W, Rousseau CM, Coovadia H, Bishop K, et al. Broad and Gag-Biased
HIV-1 Epitope Repertoires Are Associated with Lower Viral Loads. PloS one. 2008; 3(1):e1424. hitps://
doi.org/10.1371/journal.pone.0001424 PMID: 18183304.

Lee JK, Stewart-Jones G, Dong T, Harlos K, Di Gleria K, Dorrell L, et al. T cell cross-reactivity and con-
formational changes during TCR engagement. The Journal of experimental medicine. 2004; 200
(11):1455-66. https://doi.org/10.1084/jem.20041251 PMID: 15583017.

Almeida JR, Price DA, Papagno L, Arkoub ZA, Sauce D, Bornstein E, et al. Superior control of HIV-1
replication by CD8+ T cells is reflected by their avidity, polyfunctionality, and clonal turnover. The Jour-
nal of experimental medicine. 2007; 204(10):2473-85. https://doi.org/10.1084/jem.20070784 PMID:
17893201.

Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R, Hallahan CW, et al. HIV-specific
CD8+ T cell proliferation is coupled to perforin expression and is maintained in nonprogressors. Nat
Immunol. 2002; 3(11):1061-8. Epub 2002/10/09. https://doi.org/10.1038/ni845 PMID: 12368910.

Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, Abraham J, et al. HIV nonprogressors pref-
erentially maintain highly functional HIV-specific CD8+ T cells. Blood. 2006; 107(12):4781-9. https://
doi.org/10.1182/blood-2005-12-4818 PMID: 16467198.

Yang H, Wu H, Hancock G, Clutton G, Sande N, Xu X, et al. Antiviral inhibitory capacity of CD8+ T cells
predicts the rate of CD4+ T-cell decline in HIV-1 infection. J Infect Dis. 2012; 206(4):552—61. Epub
2012/06/20. https://doi.org/10.1093/infdis/jis379 PMID: 22711904.

Groettrup M, Soza A, Eggers M, Kuehn L, Dick TP, Schild H, et al. A role for the proteasome regulator
PA28alpha in antigen presentation. Nature. 1996; 381(6578):166—8. Epub 1996/05/09. https://doi.org/
10.1038/381166a0 PMID: 8610016.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017 16/19


https://doi.org/10.1128/JVI.00020-15
http://www.ncbi.nlm.nih.gov/pubmed/25741000
https://doi.org/10.1038/mt.2016.3
http://www.ncbi.nlm.nih.gov/pubmed/26743582
http://www.ncbi.nlm.nih.gov/pubmed/9420212
http://www.ncbi.nlm.nih.gov/pubmed/9933172
https://doi.org/10.1038/nature10003
http://www.ncbi.nlm.nih.gov/pubmed/21562493
https://doi.org/10.1126/science.1237874
http://www.ncbi.nlm.nih.gov/pubmed/23704576
https://doi.org/10.1038/nm.1935
https://doi.org/10.1038/nm.1935
http://www.ncbi.nlm.nih.gov/pubmed/19219024
https://doi.org/10.1126/science.aac9475
http://www.ncbi.nlm.nih.gov/pubmed/26797147
https://doi.org/10.1038/nature12519
https://doi.org/10.1038/nature12519
http://www.ncbi.nlm.nih.gov/pubmed/24025770
https://doi.org/10.1111/imr.12069
http://www.ncbi.nlm.nih.gov/pubmed/23772621
https://doi.org/10.1038/ni.2264
http://www.ncbi.nlm.nih.gov/pubmed/22513323
https://doi.org/10.1038/nm1520
http://www.ncbi.nlm.nih.gov/pubmed/17173051
https://doi.org/10.1371/journal.pone.0001424
https://doi.org/10.1371/journal.pone.0001424
http://www.ncbi.nlm.nih.gov/pubmed/18183304
https://doi.org/10.1084/jem.20041251
http://www.ncbi.nlm.nih.gov/pubmed/15583017
https://doi.org/10.1084/jem.20070784
http://www.ncbi.nlm.nih.gov/pubmed/17893201
https://doi.org/10.1038/ni845
http://www.ncbi.nlm.nih.gov/pubmed/12368910
https://doi.org/10.1182/blood-2005-12-4818
https://doi.org/10.1182/blood-2005-12-4818
http://www.ncbi.nlm.nih.gov/pubmed/16467198
https://doi.org/10.1093/infdis/jis379
http://www.ncbi.nlm.nih.gov/pubmed/22711904
https://doi.org/10.1038/381166a0
https://doi.org/10.1038/381166a0
http://www.ncbi.nlm.nih.gov/pubmed/8610016
https://doi.org/10.1371/journal.pone.0181382

@° PLOS | ONE

Long-lasting HIV-1-specific T-cell memory induced by vaccination of humans

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

Cramer LA, Nelson SL, Klemsz MJ. Synergistic induction of the Tap-1 gene by IFN-gamma and lipo-
polysaccharide in macrophages is regulated by STAT1. Journal of immunology. 2000; 165(6):3190—7.
PMID: 10975834.

Epperson DE, Arnold D, Spies T, Cresswell P, Pober JS, Johnson DR. Cytokines increase transporter
in antigen processing-1 expression more rapidly than HLA class | expression in endothelial cells. Jour-
nal of immunology. 1992; 149(10):3297-301. PMID: 1385520.

Johnson DR, Pober JS. Tumor necrosis factor and immune interferon synergistically increase transcrip-
tion of HLA class | heavy- and light-chain genes in vascular endothelium. Proceedings of the National
Academy of Sciences of the United States of America. 1990; 87(13):5183—7. PMID: 2164225;

Wallach D, Fellous M, Revel M. Preferential effect of gamma interferon on the synthesis of HLA anti-
gens and their mRNAs in human cells. Nature. 1982; 299(5886):833—6. PMID: 6290893.

Aggarwal BB. Signalling pathways of the TNF superfamily: a double-edged sword. Nat Rev Immunol.
20083; 3(9):745-56. https://doi.org/10.1038/nri1184 PMID: 12949498.

Kull FC Jr. The TNF receptor in TNF-mediated cytotoxicity. Nat Immun Cell Growth Regul. 1988; 7(5—
6):254—65. PMID: 2851740.

Lazdins JK, Grell M, Walker MR, Woods-Cook K, Scheurich P, Pfizenmaier K. Membrane tumor necro-
sis factor (TNF) induced cooperative signaling of TNFR60 and TNFR80 favors induction of cell death
rather than virus production in HIV-infected T cells. The Journal of experimental medicine. 1997; 185
(1):81-90. PMID: 8996244;

Dinarello CA, Mier JW. Interleukins. Annu Rev Med. 1986; 37:173-8. https://doi.org/10.1146/annurev.
me.37.020186.001133 PMID: 3518604.

Peters PJ, Borst J, Oorschot V, Fukuda M, Krahenbuhl O, Tschopp J, et al. Cytotoxic T lymphocyte
granules are secretory lysosomes, containing both perforin and granzymes. The Journal of experimen-
tal medicine. 1991; 173(5):1099-109. PMID: 2022921,

Shankar P, Xu Z, Lieberman J. Viral-specific cytotoxic T lymphocytes lyse human immunodeficiency
virus-infected primary T lymphocytes by the granule exocytosis pathway. Blood. 1999; 94(9):3084-93.
PMID: 10556193.

Betts MR, Brenchley JM, Price DA, De Rosa SC, Douek DC, Roederer M, et al. Sensitive and viable
identification of antigen-specific CD8+ T cells by a flow cytometric assay for degranulation. J Immunol
Methods. 2003; 281(1-2):65—78. Epub 2003/10/29. PMID: 14580882.

Rubio V, Stuge TB, Singh N, Betts MR, Weber JS, Roederer M, et al. Ex vivo identification, isolation
and analysis of tumor-cytolytic T cells. Nature medicine. 2003; 9(11):1377-82. https://doi.org/10.1038/
nm942 PMID: 14528297.

Rouvier E, Luciani MF, Golstein P. Fas involvement in Ca(2+)-independent T cell-mediated cytotoxicity.
The Journal of experimental medicine. 1993; 177(1):195-200. PMID: 7678113;

Letourneau S, Im E-J, Mashishi T, Brereton C, Bridgeman A, Yang H, et al. Design and pre-clinical eval-
uation of a universal HIV-1 vaccine. PloS one. 2007; 2:e984. https://doi.org/10.1371/annotation/
fca26a4f-42c1-4772-a19e-aa9d96c4eeb2 PMID: 17912361.

Deng K, Pertea M, Rongvaux A, Wang L, Durand CM, Ghiaur G, et al. Broad CTL response is required
to clear latent HIV-1 due to dominance of escape mutations. Nature. 2015; 517(7534):381-5. https://
doi.org/10.1038/nature 14053 PMID: 25561180.

Ferguson AL, Mann JK, Omarjee S, Ndung'u T, Walker BD, Chakraborty AK. Translating HIV
Sequences into Quantitative Fitness Landscapes Predicts Viral Vulnerabilities for Rational Immunogen
Design. Immunity. 2013; 38(3):606—17. Epub 2013/03/26. https://doi.org/10.1016/j.immuni.2012.11.
022 PMID: 23521886.

Frahm N, Kiepiela P, Adams S, Linde CH, Hewitt HS, Sango K, et al. Control of human immunodefi-
ciency virus replication by cytotoxic T lymphocytes targeting subdominant epitopes. Nat Immunol.
2006; 7(2):173-8. https://doi.org/10.1038/ni1281 PMID: 16369537.

Hancock G, Yang H, Yorke E, Wainwright E, Bourne V, Frisbee A, et al. Identification of Effective Sub-
dominant Anti-HIV-1 CD8+ T Cells Within Entire Post-infection and Post-vaccination Immune
Responses. PLoS pathogens. 2015; 11(2):e1004658. https://doi.org/10.1371/journal.ppat. 1004658
PMID: 25723536;

Im E-J, Hong JP, Roshorm Y, Bridgeman A, Létourneau S, Liliestrom P, et al. Protective efficacy of seri-
ally up-ranked subdominant CD8+ T cell epitopes against virus challenges. PLoS pathogens. 2011; 7:
€1002041. https://doi.org/10.1371/journal.ppat.1002041 PMID: 21625575

Ahmed T, Borthwick NJ, Gilmour J, Hayes P, Dorrell L, Hanke T. Control of HIV-1 replication in vitro by
vaccine-induced human CD8 T cells through conserved subdominant Pol epitopes. Vaccine. 2016;
34:1215-24. https://doi.org/10.1016/j.vaccine.2015.12.021 PMID: 26784683.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017 17/19


http://www.ncbi.nlm.nih.gov/pubmed/10975834
http://www.ncbi.nlm.nih.gov/pubmed/1385520
http://www.ncbi.nlm.nih.gov/pubmed/2164225
http://www.ncbi.nlm.nih.gov/pubmed/6290893
https://doi.org/10.1038/nri1184
http://www.ncbi.nlm.nih.gov/pubmed/12949498
http://www.ncbi.nlm.nih.gov/pubmed/2851740
http://www.ncbi.nlm.nih.gov/pubmed/8996244
https://doi.org/10.1146/annurev.me.37.020186.001133
https://doi.org/10.1146/annurev.me.37.020186.001133
http://www.ncbi.nlm.nih.gov/pubmed/3518604
http://www.ncbi.nlm.nih.gov/pubmed/2022921
http://www.ncbi.nlm.nih.gov/pubmed/10556193
http://www.ncbi.nlm.nih.gov/pubmed/14580882
https://doi.org/10.1038/nm942
https://doi.org/10.1038/nm942
http://www.ncbi.nlm.nih.gov/pubmed/14528297
http://www.ncbi.nlm.nih.gov/pubmed/7678113
https://doi.org/10.1371/annotation/fca26a4f-42c1-4772-a19e-aa9d96c4eeb2
https://doi.org/10.1371/annotation/fca26a4f-42c1-4772-a19e-aa9d96c4eeb2
http://www.ncbi.nlm.nih.gov/pubmed/17912361
https://doi.org/10.1038/nature14053
https://doi.org/10.1038/nature14053
http://www.ncbi.nlm.nih.gov/pubmed/25561180
https://doi.org/10.1016/j.immuni.2012.11.022
https://doi.org/10.1016/j.immuni.2012.11.022
http://www.ncbi.nlm.nih.gov/pubmed/23521886
https://doi.org/10.1038/ni1281
http://www.ncbi.nlm.nih.gov/pubmed/16369537
https://doi.org/10.1371/journal.ppat.1004658
http://www.ncbi.nlm.nih.gov/pubmed/25723536
https://doi.org/10.1371/journal.ppat.1002041
http://www.ncbi.nlm.nih.gov/pubmed/21625575
https://doi.org/10.1016/j.vaccine.2015.12.021
http://www.ncbi.nlm.nih.gov/pubmed/26784683
https://doi.org/10.1371/journal.pone.0181382

@° PLOS | ONE

Long-lasting HIV-1-specific T-cell memory induced by vaccination of humans

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Borthwick N, Ahmed T, Ondondo B, Hayes P, Rose A, Ebrahimsa U, et al. Vaccine-elicited human T
cells recognizing conserved protein regions inhibit HIV-1. Mol Ther. 2014; 22(2):464-75. https://doi.org/
10.1038/mt.2013.248 PMID: 24166483;

Borthwick N, Lin Z, Akahoshi T, Llano A, Silva-Arrieta S, Ahmed T, et al. Novel, in-natural-infection sub-
dominant HIV-1 CD8+ T-cell epitopes revealed in human recipients of conserved-region T-cell vac-
cines. PloS one. 2017; 12(4):e0176418. https://doi.org/10.1371/journal.pone.0176418 PMID:
28448594.

Hancock G, Morén-Lépez S, Puertas MC, Giannoulatou E, Rose A, Salgado M, et al. Immunogenicity
and impact on the HIV reservoir of a conserved region vaccine, MVA.HIVcons, in antiretroviral therapy-
treated subjects: a randomised trial. Journal of the International AIDS Society. 2017; 20: 21171.

Mothe B, Manzardo C, Snachez-Bernabeau A, Coll P, Moron S, Peurtas MC, et al. Therapeutic
ChAdV63.HIVconsv-MVA.HIVconsv vaccination refocused T cells to conserved regions of HIV in early
reated HIV-1 infected individuals (BCN 01 study). Submitted.

Mothe B, Molté J, Manzardo C, Coll J, Puertas MC, Martinez-Picado J, et al. Viral control induced by
HIVconsv vaccines & Romidepsin in early treated individuals. The Conference on Retroviruses and
Opportunistic Infections; Seattle, WA, USA2017.

Mutua G, Farah B, Langat R, Indangasi J, Ogola S, Onsembe B, et al. Broad HIV-1 inhibition in vitro by
vaccine-elicited CD8+ T cells in African adults. Mol Ther Methods Clin Dev. 2016; 3:16061. https://doi.
org/10.1038/mtm.2016.61 PMID: 27617268

Borthwick N, Ahmed T, Ondondo B, Hayes P, Rose A, Ebrahimsa U, et al. Vaccine-elicited human T
cells recognizing conserved protein regions inhibit HIV-1. Mol Ther. 2014; 22:464—75. Epub 2013/10/
30. https://doi.org/10.1038/mt.2013.248 PMID: 24166483.

Defawe OD, Fong Y, Vasilyeva E, Pickett M, Carter DK, Gabriel E, et al. Optimization and qualification

of a multiplex bead array to assess cytokine and chemokine production by vaccine-specific cells. Jour-

nal of immunological methods. 2012; 382(1-2):117-28. Epub 2012/05/26. https://doi.org/10.1016/j.jim.
2012.05.011 PMID: 22626638;

Hersperger AR, Pereyra F, Nason M, Demers K, Sheth P, Shin LY, et al. Perforin expression directly ex
vivo by HIV-specific CD8 T-cells is a correlate of HIV elite control. PLoS pathogens. 2010; 6(5):
€1000917. https://doi.org/10.1371/journal.ppat.1000917 PMID: 20523897

Hayton EJ, Rose A, Ibrahimsa U, Del Sorbo M, Capone S, Crook A, et al. Safety and tolerability of con-
served region vaccines vectored by plasmid DNA, simian adenovirus and modified vaccinia virus
ankara administered to human immunodeficiency virus type 1-uninfected adults in a randomized, sin-
gle-blind phase | trial. PloS one. 2014; 9(7):e101591. https://doi.org/10.1371/journal.pone.0101591
PMID: 25007091;

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(9653):1894—
905. https://doi.org/10.1016/S0140-6736(08)61592-5 PMID: 19012957.

Hammer SM, Sobieszczyk ME, Janes H, Karuna ST, Mulligan MJ, Grove D, et al. Efficacy Trial of a
DNA/rAd5 HIV-1 Preventive Vaccine. N Engl J Med. 2013; 369:2083-92. Epub 2013/10/09. https://doi.
org/10.1056/NEJMoa1310566 PMID: 24099601.

Addo MM, Yu XG, Rathod A, Cohen D, Eldridge RL, Strick D, 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.
Journal of virology. 2003; 77:2081-92. https://doi.org/10.1128/JV1.77.3.2081-2092.2003 PMID:
12525643

Betts MR, Ambrozak DR, Douek DC, Bonhoeffer S, Brenchley JM, Casazza JP, et al. Analysis of total
human immunodeficiency virus (HIV)-specific CD4(+) and CD8(+) T-cell responses: relationship to viral
load in untreated HIV infection. Journal of virology. 2001; 75(24):11983-91. https://doi.org/10.1128/JVI.
75.24.11983-11991.2001 PMID: 11711588.

Gea-Banacloche JC, Migueles SA, Martino L, Shupert WL, McNeil AC, Sabbaghian MS, et al. Mainte-
nance of large numbers of virus-specific CD8+ T cells in HIV-infected progressors and long-term non-
progressors. Journal of immunology. 2000; 165(2):1082—92. PMID: 10878387.

Sandberg JK, Fast NM, Nixon DF. Functional heterogeneity of cytokines and cytolytic effector mole-
cules in human CD8+ T lymphocytes. Journal of immunology. 2001; 167(1):181—-7. PMID: 11418647.

Jameson SC, Masopust D. Diversity in T cell memory: an embarrassment of riches. Immunity. 2009; 31
(6):859-71. https://doi.org/10.1016/j.immuni.2009.11.007 PMID: 20064446;

Masopust D, Vezys V, Marzo AL, Lefrancois L. Preferential localization of effector memory cells in non-
lymphoid tissue. Science. 2001; 291(5512):2413-7. https://doi.org/10.1126/science.1058867 PMID:
11264538.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017 18/19


https://doi.org/10.1038/mt.2013.248
https://doi.org/10.1038/mt.2013.248
http://www.ncbi.nlm.nih.gov/pubmed/24166483
https://doi.org/10.1371/journal.pone.0176418
http://www.ncbi.nlm.nih.gov/pubmed/28448594
https://doi.org/10.1038/mtm.2016.61
https://doi.org/10.1038/mtm.2016.61
http://www.ncbi.nlm.nih.gov/pubmed/27617268
https://doi.org/10.1038/mt.2013.248
http://www.ncbi.nlm.nih.gov/pubmed/24166483
https://doi.org/10.1016/j.jim.2012.05.011
https://doi.org/10.1016/j.jim.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/22626638
https://doi.org/10.1371/journal.ppat.1000917
http://www.ncbi.nlm.nih.gov/pubmed/20523897
https://doi.org/10.1371/journal.pone.0101591
http://www.ncbi.nlm.nih.gov/pubmed/25007091
https://doi.org/10.1016/S0140-6736(08)61592-5
http://www.ncbi.nlm.nih.gov/pubmed/19012957
https://doi.org/10.1056/NEJMoa1310566
https://doi.org/10.1056/NEJMoa1310566
http://www.ncbi.nlm.nih.gov/pubmed/24099601
https://doi.org/10.1128/JVI.77.3.2081-2092.2003
http://www.ncbi.nlm.nih.gov/pubmed/12525643
https://doi.org/10.1128/JVI.75.24.11983-11991.2001
https://doi.org/10.1128/JVI.75.24.11983-11991.2001
http://www.ncbi.nlm.nih.gov/pubmed/11711588
http://www.ncbi.nlm.nih.gov/pubmed/10878387
http://www.ncbi.nlm.nih.gov/pubmed/11418647
https://doi.org/10.1016/j.immuni.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20064446
https://doi.org/10.1126/science.1058867
http://www.ncbi.nlm.nih.gov/pubmed/11264538
https://doi.org/10.1371/journal.pone.0181382

@° PLOS | ONE

Long-lasting HIV-1-specific T-cell memory induced by vaccination of humans

80.

81.

82.

83.

84.

85.

Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of memory T lymphocytes with
distinct homing potentials and effector functions. Nature. 1999; 401(6754):708—12. https://doi.org/10.
1038/44385 PMID: 10537110.

Hikono H, Kohimeier JE, Takamura S, Wittmer ST, Roberts AD, Woodland DL. Activation phenotype,
rather than central- or effector-memory phenotype, predicts the recall efficacy of memory CD8+ T cells.
The Journal of experimental medicine. 2007; 204(7):1625—36. https://doi.org/10.1084/jem.20070322
PMID: 17606632;

Olson JA, McDonald-Hyman C, Jameson SC, Hamilton SE. Effector-like CD8(+) T cells in the memory
population mediate potent protective immunity. Immunity. 2013; 38(6):1250—-60. https://doi.org/10.
1016/j.immuni.2013.05.009 PMID: 23746652;

Abboud G, Desai P, Dastmalchi F, Stanfield J, Tahiliani V, Hutchinson TE, et al. Tissue-specific pro-
gramming of memory CD8 T cell subsets impacts protection against lethal respiratory virus infection.
The Journal of experimental medicine. 2016; 213(13):2897—-911. https://doi.org/10.1084/jem.20160167
PMID: 27879287,

Soghoian DZ, Jessen H, Flanders M, Sierra-Davidson K, Cutler S, Pertel T, et al. HIV-specific cytolytic
CD4 T cell responses during acute HIV infection predict disease outcome. Sci Transl Med. 2012; 4
(123):123ra25. https://doi.org/10.1126/scitranslmed.3003165 PMID: 22378925;

Johnson S, Eller M, Teigler JE, Maloveste SM, Schultz BT, Soghoian DZ, et al. Cooperativity of HIV-
Specific Cytolytic CD4 T Cells and CD8 T Cells in Control of HIV Viremia. Journal of virology. 2015;
89(15):7494-505. https://doi.org/10.1128/JV1.00438-15 PMID: 25972560;

PLOS ONE | https://doi.org/10.1371/journal.pone.0181382 July 18,2017 19/19


https://doi.org/10.1038/44385
https://doi.org/10.1038/44385
http://www.ncbi.nlm.nih.gov/pubmed/10537110
https://doi.org/10.1084/jem.20070322
http://www.ncbi.nlm.nih.gov/pubmed/17606632
https://doi.org/10.1016/j.immuni.2013.05.009
https://doi.org/10.1016/j.immuni.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23746652
https://doi.org/10.1084/jem.20160167
http://www.ncbi.nlm.nih.gov/pubmed/27879287
https://doi.org/10.1126/scitranslmed.3003165
http://www.ncbi.nlm.nih.gov/pubmed/22378925
https://doi.org/10.1128/JVI.00438-15
http://www.ncbi.nlm.nih.gov/pubmed/25972560
https://doi.org/10.1371/journal.pone.0181382

