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Abstract

Rare patients who spontaneously control HIV replication provide a useful model to inform HIV
vaccine development. HIV controllers develop particularly efficient antiviral CD4+ T cell
responses mediated by shared high-affinity TCRs. To determine whether the candidate DNA
vaccine ADVAX could induce similar responses, we analyzed Gag-specific primary CD4+ T cells
from healthy volunteers who received ADVAX DNA by electroporation. Vaccinated volunteers
had an immunodominant response to the Gag293 epitope with a functional avidity intermediate
between that of controllers and treated patients. The TCR repertoire of Gag293-specific CD4+ T
cells proved highly biased, with a predominant usage of the TRBV2 gene in vaccinees as well as
controllers. TRAV gene usage was more diverse, with the dominance of TRAV29 over TRAV24
genes in vaccinees, while TRAV24 predominated in controllers. Sequence analysis revealed an
unexpected degree of overlap between the specific repertoires of vaccinees and controllers, with
the sharing of TRAV24 and TRBV2 public motifs (>30%) and of public clonotypes characteristic
of high-affinity TCRs. MHC-I1I tetramer binding revealed a broad HLA-DR cross-restriction,
explaining how Gag293-specific public clonotypes could be selected in individuals with diverse
genetic backgrounds. TRAV29 clonotypes also proved cross-restricted, but conferred responses of
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lower functional avidity upon TCR transfer. In conclusion, DNA vaccination by electroporation
primed for TCR clonotypes that were associated with HIV control, highlighting the potential of
this vaccine delivery method. This study provides the first proof-of-concept that clonotypic
analysis may be used as a tool to monitor the quality of vaccine-induced responses and modulate
these towards “controller-like” responses.

INTRODUCTION

With close to 37 millions of persons living with HIV-1 worldwide, the development of an
effective HIV vaccine is viewed as essential to end the HIV-1 pandemic (1). However, HIV
biology poses considerable challenges to vaccine development, due to its capacity to evade
immune responses and persist in latently infected cells for extended periods of time (2). So
far, a single vaccine efficacy trial conducted in Thailand has demonstrated a degree of
protection against HIV infection, with an estimated 31% efficacy (3)(4). In this trial, HLA
class Il alleles modulated the quality of vaccine-induced antibodies and had an impact on
protective efficacy, suggesting that HLA-II restricted CD4+ T cells influenced protective
vaccine responses through the control of antibody maturation (5). T cell responses may also
directly contribute to vaccine-induced protection, as suggested in a CMV vector-based
vaccination model that lead to simian immunodeficiency virus control (6, 7). Considering
that complete sterilizing immunity is rarely achieved with anti-viral vaccines, it is critical
that a candidate HIV vaccine should also control HIV replication at its entry site.

Rare cases of spontaneous control of HIV infection reveal that the human immune system
has the capacity to mount an efficient antiviral response against HIV. Patients who contain
HIV replication in the absence of antiretroviral therapy, called HIV controllers, or elite
controllers, show signs of particularly efficient T cell responses, and maintain full CD4
helper function in the long term (8, 9). Converging evidence indicate that HIV controllers
develop both CD4+ and CD8+ T cell responses with a high sensitivity to HIV Gag antigens
(10, 11). As a consequence, controller T cells are particularly efficient at sensing low
amounts of virus and at eliminating infected cells. (12-14). Controller CD4+ T cells show
preserved central memory responses (15, 16),, but also maintain a highly differentiated Thl
effector compartment,, while such effector cells are progressively lost in patients who
receive antiretroviral therapy (17, 18). Thus, spontaneous HIV control emerges as an active
process enforced by T cells that retain effector function in the long term, in spite of the very
low antigenemia available to stimulate such responses.

Emerging evidence points to the role of particular T cell receptor (TCR) clonotypes in
conferring the efficient T cell responses characteristic of HIV controllers (19). TCR
clonotypes expressed by controller CD8+ T cells are responsible for their efficient cytotoxic
responses, while HLA-matched non-controller patients show clonotypes of lower efficacy
(20, 21). The nature of TCR clonotypes expressed by Controller CD4+ T cells had until
recently remained unexplored. Analysis of the response to the most immunodominant HIV-1
CD4 epitope, termed Gag293, had pointed to the presence of a CD4+ T cell population with
high TCR affinity in HIV controllers, while this population was absent in treated patients
(17). The expression of high affinity TCRs helped explain how controllers maintained CD4+
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T cell effector functions, as minimal amounts of viral antigens were sufficient to trigger full
effector differentiation. We recently characterized the set of TCRs directed at Gag293, and
uncovered a highly biased repertoire characterized by the preferential expression of the TCR
variable genes TRAV24 and TRBV2, with the bias being more marked in controllers than in
treated patients (22). Of note, the degree of TCR clonotype sharing was unusually high in
the HIV controller group, with close to half of TCR sequences sharing common CDR3
motifs. Furthermore, between 5 and 10% of TCR sequences from the controller group coded
for public clonotypes, which are defined as identical CDR3 sequences found in at least two
individuals. Functional analysis of the most prevalent public clonotypes by TCR transfer
showed they conferred highly sensitive, polyfunctional Gag-specific CD4+ T cell responses
to healthy donor cells. Thus, the transfer of public TCR clonotypes was sufficient to
recapitulate CD4+ T cell properties associated with HIV control.

Inducing T cell responses as efficient as those achieved in controlled HIV infection
represents a key objective in vaccine development. Whether candidate HIV vaccines can
induce the TCR clonotypes associated with HIV control remains to be explored. Importantly,
the high degree of clonotype sharing observed in controller CD4+ T cells opens the
possibility to search for these clonotypes in a diverse population of vaccinated volunteers.
We focused the clonotypic analysis on Gag293 specific cells, as this epitope is remarkably
immunodominant, independently of the MHC 11 background (11, 23, 24). In addition, the
Gag293 epitope is located in the most conserved region of HIV-1 capsid, called the major
homology region, and is thus rarely mutated, with two cases of mutational escape in minor
viral variants reported so far (25, 26). Given these advantageous properties, we set to
evaluate the degree of overlap in the Gag293-specific clonotypic repertoire induced by
vaccination and controlled HIV infection.

As a proof of concept, we analyzed Gag293-specific responses in healthy volunteers who
had received the ADVAX DNA vaccine, in the frame of a phase 1 trial conducted at the
Rockefeller University (27). ADVAX was the first candidate HIV vaccine to be administered
by intramuscular electroporation (EP), a delivery modality that increased T cell responses up
to 70 fold as compared to standard intramuscular (IM) syringe injection. ADVAX consisted
in a set of two plasmids containing mutated versions of HIV-1 env/gag and pol/nef/tat genes,
respectively, with viral sequences derived from a clade B’/C HIV-1 strain predominant in the
province of Yunnan, China (28, 29). ADVAX DNA electroporation was proven to be safe,
tolerable, and effective in improving the magnitude and durability of T cell responses (27).
Of note, the breadth of T cell responses induced by this DNA vaccine was comparable to
that induced by more complex viral vectored vaccine regimens (30), making ADVAX a good
candidate for TCR clonotypic analysis. In the present study, we report that ADVAX DNA
vaccination by electroporation induced a Gag293-specific repertoire that included multiple
public motifs and public clonotypes shared with HIV controllers, while repertoire overlap
with that of treated patients was limited. Thus, DNA vaccination by electroporation not only
improves the magnitude of T cell responses, but also primes for TCR clonotypes that are
associated with HIV control, suggesting the induction of a high quality clonotypic
repertoire. Based on the extent of clonotype sharing observed in the present study, we
propose that TCR clonotypic analysis could be used more broadly as a novel approach to
guide vaccine development.
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MATERIALS AND METHODS

Clinical samples

The study was carried out on cryopreserved PBMC samples collected from participants in
the ADVAX-EP vaccination trial. This clinical trial aimed at evaluating the safety and
immunogenicity of an intramuscular prime and boost injection of the ADVAX DNA-based
HIV vaccine via electroporation compared to standard intramuscular injection or placebo
(registration NCT00545987). Among participants in the EP groups (n=24), those in the EP
high dose group (n=8) received 4 mg of ADVAX DNA administered at weeks 0, 8, and 36
via the TriGrid device (Ichor Medical System). Participants in the IM group (n=8) received 4
mg of ADVAX DNA at weeks 0 and 8 via syringe intramuscular injection. Participants in
the Placebo group received saline via electroporation at weeks 0 and 8 (n=5) or weeks 0, 8,
and 36 (n=3). The clinical trial was completed in 2011, and showed that EP DNA delivery
was safe, well tolerated, and that it enhanced vaccine immunogenicity (27).

HIV controllers (HIC group; n=14) were recruited through the CO21 CODEX cohort set up
by Agence Nationale de Recherche sur le SIDA et les hépatites virales (ANRS). HIV
controllers were defined as HIV-1 infected patients who had been seropositive for >5 years,
had received no antiretroviral treatment, and for whom >90% of plasma viral load
measurements were undetectable by standard assays. All HIV controllers included in the
study had current viral loads <50 copies/mL. These patients had a median duration of viral
control of 19.6 years (IQR: 9.8-26.0) and a median CD4+ T cell count of 875 (IQR: 648-
1,400). The treated patients (HAART group; n=14) had received antiretroviral therapy for a
minimum of 5 years and showed efficient HIV-1 suppression with viral loads <50
copies/mL. The treated patients had a median CD4+ T cell count of 570 (IQR: 270-1,534).
The Gag293-specific repertoire of patients from the HIC and HAART groups was previously
reported in (22).

Ethical statement

Antibodies

The study was approved by the Institutional Review Board of the Rockefeller University
Hospital (reference DHO-0614). All participants in this study provided written informed
consent after appropriate review, discussion and counseling by the clinical study team.

The following antibodies were used for cell surface staining: CD3-eFluor 780-
Allophycocyanin (eF780-APC, clone UCHT1), TCR-Allophycocyanin (APC, clone IP26)
(all from eBioscience); CD4 BD Horizon R-phycoerythrin-CF594 (PE-CF594, clone RPA-
T4), CD4-R-phycoerythrin-cyanine 7 (PE-Cy7, clone SK3), CD69-R-phycoerythrin (PE,
clone FN50), (all from BD Biosciences); CD14-Viogreen (clone TUK4), and CD19-
VioGreen (clone LT19) (from Miltenyi Biotec); TRBV2-PE (clone IMMU 546, Beckman
Coulter); CD8-Brilliant Violet 785 (BV785, clone RPA-T8), HLA-DR-PE-Cy7 (clone LN3),
CDA45RA-Brilliant Violet 421 (BV421, clone HI100), CCR7-PE-Cy7 (clone G043H7) (all
from Biolegend). The fixable viability dye eFluor 506 (eF506, eBioscience) was added to
gate out dead cells.
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Generation of primary CD4+ T cell lines—Cryopreserved PBMCs from vaccinated
volunteers were thawed, stimulated with immunodominant Gag peptides, and propagated as
short term primary CD4+ T cell lines. PBMC were plated at 2x108 cells in 2 mL in 24-well
plates in complete RPMI, consisting in RPMI 1640 medium with 2mM L-glutamine, 10mM
HEPES, 100 pg/mL penicillin/streptomycin, and were supplemented with 10% human AB
serum (Pan Biotech). Each PBMC sample (>107 cells) was subdivided and stimulated with
peptides Gag293 (FRD YVD RFY KTL RAE QAS QE), Gag263 (KRW IIL GLN KIV
RMY SPT SI), Gag161 (EKA FSP EVI PMF SAL SEG AT), or with control peptide buffer.
The peptides used for stimulation were 20-mers with >95% purity (Proteogenix). Cell were
stimulated with 107> M Gag peptide in the presence of 5 ng/mL recombinant IL-7 (Cytheris)
and cultured for 2 weeks prior to analysis. Recombinant IL-2 (Chiron, Novartis) was added
to a final concentration of 100 U/ml starting from day 2 of culture, and every 2 days
afterwards

ELISpot assay

ELISpot assays were performed to quantify IFN-y secretion by Gag-specific CD4+ T cell
lines. 96-well nitrocellulose plates (Millipore Multiscreen HTS plate, MSHAS410) were
coated with 1 pg/mL human IFN-y capture monoclonal antibody (Clone 1-D1K, Mabtech)
and incubated overnight. On the day of the ELISpot, the plates were blocked with 100 pl/
well RPMI supplemented with 5% FBS for 2h at 37°C. Cell lines deprived of IL-2 for 16h
before analysis were plated in duplicate at 30,000 cells/well in coated ELISpot plates, and
incubated with serial dilutions of corresponding peptides for 16h at 37°C. Wells were then
washed 5 times with PBS+0.1% Tween-20. The plate was then incubated with 1 pg/mL of
biotinylated IFN-y detection antibody (Clone 7B6-1, Mabtech) for 90 min at 37°C, followed
by 4 washes with PBS+0.1% Tween-20. Next, wells were treated with 100 pl/well alkaline
phosphatase-labeled streptavidin (Sigma-Aldrich Extravidin Alkaline Phosophatase) for 45
min at 37°C and washed 3x with PBS 0.1% Tween-20. The ELISpot were developed with
the phosphatase-based chromogenic substrate BCIP/NBT (KPL, Eurobio) for 30 min at
37°C. The plate was then washed extensively with water and dried. IFN-y spot-forming cells
(SFC) were automatically counted with a Bioreader 4000 system (Bio-Sys). The ELISpot
response was expressed as SFC/106 cells after subtracting background. Wells were counted
as positive if the number of SFC was at least two times above background level. ELISpot
responses were measured in response to serial peptide dilutions from 4x1076 to 10711 M,
and the last dilution that gave a number of SFC at least two times above background was
used to measure antigen sensitivity.

MHC class Il tetramer labeling

CD4+ T cell lines displaying a positive IFN-y ELISpot response to Gag293 (spanning
amino acids 293-312 in HIV-1 p24-Gag) were labeled with HLA-DR-matched Gag293-
loaded tetramer and FACS sorted. Vaccinees were first genotyped for the HLA-DRBL1 gene
using the INNO-LiPA HLA-DRB1 Plus kit as per the manufacturer’s protocol (Fujirebio).
APC-labeled MHC I tetramers for the HLA-DRB1*0101 (DR1), HLA-DRB1*0701 (DR7),
HLA-DRB1*1502 (DR15), and HLA-DRB5*0101 (DRB?5) alleles were obtained through
the NIH Tetramer Core Facility at Emory University, USA. HLA-DRB1*1101 (DR11)
biotinylated monomers were obtained through the Tetramer Core Laboratory of the
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Benaroya Research Institute (Seattle, USA). Monomers were loaded with 0.2 mg/mL
peptide by incubation at 37°C for 72h in the presence of 2.5 mg/ml n-octyl-p-D-
glucopyranoside and protease inhibitors in sodium phosphate loading buffer. Peptide-loaded
monomers were tetramerized using 5.9 ug APC-conjugated streptavidin (eBioscience) for
every 10 ug monomer. For each tetramer loaded with the Gag293 peptide, a corresponding
control tetramer was loaded with the control CLIP peptide (PVS KMR MAT PLL MQA).

MHC II tetramer labeling was performed as recently described (31). Briefly, primary CD4+
T cells lines were incubated with 1ug MHC |1 tetramer/108 cells in complete RPMI
supplemented with 15% human AB serum for 60 min at 4°C. The following combination of
cell surface antibodies was added for an additional 30 min: CD3-eF780-APC, CD4-PE-
CF594, CD8-BV785, CD45RA-BV421, CCR7-PE-Cy7, CD14-VioGreen, and CD19-
VioGreen. Gag293-specific tetramer-labeled (Tet+) cells were visualized in the singlet,
viable, CD3+, CD4+, CD14-, CD19-, CD8- lymphocyte gate, and were sorted using a
FACSAria Il cell sorter (BD Biosciences) installed in a microbiological safety cabinet. Each
Gag293-tetramer labeled sample was matched with a control-tetramer labeled sample
processed in identical conditions. Sorted Tet+ cells were re-suspended in RLT buffer
(Qiagen) and kept frozen at —80°C until RNA extraction.

TCR CDR3 sequence analysis

The expression of 35 TCRa variable gene (TRAV) families and of 24 TCRp variable gene
(TRBV) families was measured by quantitative RT-PCR. Briefly, total RNA was extracted
from Tet+ cells using the RNeasy mini or micro Kits (Qiagen) according to the
manufacturer’s protocol. Next, cDNA was obtained by reverse transcription with 500 pug/mL
oligo (dT)17 and 200 U of Superscript Il reverse transcriptase (Life technologies). A cDNA
aliquot was amplified with each of 35 TRAV and 24 TRBV family-specific primers, in
combination with a constant region TRAC or a TRBC primer, respectively, as described by
A. Lim and coll. (32). Amplification was performed in the presence of a TRAV- or TRBV-
specific TagMan probe on an ABI 7300 real time PCR device (Applied Biosystems).

PCR products corresponding to the three amplified families (TRAV24, TRAV29 and
TRBV2), were cloned and sequenced. The primers used to amplify the CDR3 junctions
were: TRAV24 forward primer: 5-CCG AGG CCT TGT TTG TAA TG-3"; TRAV29
forward primer: 5"-ACC CTG CTG AAG GTC CTA CAT TCC-3"; TRAC reverse primer:
5'GTG AAT AGG CAG ACA GAC TTG T-3’; TRBV2 forward primer: 5’-GGT CCG
GAA TGG ATA CCT GGC TCG TAT GCT GGG C-3”; TRBC reverse primer: 5’ -CCG
GTC GAC CTA GCC TCT GGA ATC CTT TCT CTT GAC C-3’. PCR products were
cloned into the pCR-Blunt-11-TOPO vector (Life Technologies), transformed into competent
E. coli, and analyzed by DNA sequencing (Eurofins Genomics, Germany).

Bioinformatic analysis of the HIV-specific TCR repertoire

TRA and TRB sequences were analyzed with the software suite from the International
ImMunoGeneTics (IMGT) Information System (33). The V(D)J gene nomenclature used is
that of the IMGT database (www.imgt.org). Clonotypic diversity of the TRAV24, TRAV29
and TRBV?2 repertoires was evaluated (i) by counting the number of unique amino acid
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clonotypes (clonotypes AA) per 100 CDR3 nucleotide sequences (ii) by computing
Simpson’s diversity index. Simpson’s diversity index takes into account both the number of
clonotypes and the frequency of each clonotype in the dataset, and is maximal when all
clonotypes have an equal representation. The number of N and P mutations introduced
during the V(D)J recombination process was determined by comparing the observed CDR3
sequences to their germline counterparts, using the Junction analysis module of the IMGT/
HighV-QUEST software (33). The distribution of TRAV, TRAJ, TRBV, TRBJ, and TRBD
genes in the sequence set was computed with the statistics module of IMGT/HighV-QUEST.
The CDR3 lengths corresponded to the number of amino acids between, but not including,
the two conserved residues C104 and F/W118, as defined by the IMGT-ONTOLOGY
unique numbering system. In contrast, the “CDR3 junctions” included the conserved C104
and F/W118 residues. Kurtosis, which measures the “peakedness” of a distribution, was used
to evaluate biases in CDR3 lengths. Kurtosis was measured in the Prism v6.0 software
(GraphPad). A Gaussian distribution has a kurtosis of zero, while a flatter distribution has
negative kurtosis, and a more “peaked” distribution has positive kurtosis.

Motifs enriched in the TRAV24, TRAV29 and TRBV2 CDR3 sequence sets were first
identified with the MEME motif discovery software version 4.10.0 (34) available at http://
meme-suite.org. The MEME software chooses the width and number of occurrence of each
motif automatically in order to minimize the “E-value” of the motif, i.e. the probability of
finding an equally well-conserved pattern in random sequences. Motifs were represented as
sequence logos, where the relative sizes of the letters indicate their frequencies in the
sequence set, and the total height of the letters represents the information content of the
position, in bits. Based on the initial motif analysis, simpler public motifs included within
the MEME motifs were identified and counted using the “Protein Pattern Find” module of
the Sequence Manipulation Suite (35).

TCR lentivector construction and pseudo-virus production

For functional studies, full-length TCRa and TCRp chains amplified from Gag293-specific
Tet+ cells were cloned into lentiviral expression vectors. Full-length TRAV24 chains were
amplified with a forward primer containing the TRAV24 leader sequence with an Nhel
restriction site and a Kozak sequence added in 5" (5"-CGG CTA GCC GCC ACC ATG
GAG AAG AAT CCT TTG GCA GCC-3") and a reverse primer containing the 3" region of
TRAC and a Notl site (5'-TTA GCG GCC GCG CTG GAC CAC AGC CGC AGC G-3').
Full-length TRAV29 chains were amplified similarly a forward primer containing the
TRAV?29 leader sequence (5-CGG CTA GCC GCC ACC ATG GCC ATG CTC CTG GGG
G-3"). Full-length TRBV2 chains were amplified with a forward primer containing the
TRBV?2 leader sequence and a BspEl site in 5" (5"-GGT CCG GAA TGG ATA CCT GGC
TCG TAT GCT GGG C-3") and a reverse primer containing the 3° of TRBC and a Sall site
(5"-CCG GTC GAC CTA GCC TCT GGA ATC CTT TCT CTT GAC C-3"). The TCRa
and TCRp chains were first cloned separately in the pCR-Blunt-11-TOPO vector, and then
combined into the pCDH-EF1-MCS-T2A vector (SBI System Bioscience), with a self-
cleaving T2A sequence inserted in between, ensuring an equimolar expression of the two
chains from the same transcript. All constructs were verified by sequencing (Eurofins
Genomics).

J Immunol. Author manuscript; available in PMC 2018 November 15.


http://meme-suite.org
http://meme-suite.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mukhopadhyay et al.

Page 8

Lentiviral particles encoding TCRs were prepared by transient transfection of HEK 293Tn
cells (SBI System Bioscience) using Lipofectamine 2000 reagent (Life Technologies)
according to the manufacturer’s protocol. The lentiviral vector pPCDH-EF1-MCS-T2A
containing the TCR inserts, the packaging plasmid psPAXII (Addgene), the pCMV-VSV-G
envelope plasmid, and the pRev plasmid (a kind gift from P. Charneau) were mixed at a
3:2:1:1 ratio and transfected at 65 pg per 162 cm? cell flask. 48h after transfection,
supernatants were collected, passed on a 0.45 um filter, and concentrated by
ultracentrifugation at 23,000 g for 2h at 4°C on a 20% sucrose cushion. Viral particles were
re-suspended in PBS and frozen in aliquots at —80°C. Gag p24 antigen concentration was
measured with the Alliance HIV-1 p24 Antigen ELISA kit (Perkin Elmer).

TCR functional analysis

Gag293-specific TCRs amplified in ADVAX recipients were transduced in the J76 cell line,
which is a Jurkat derivative lacking endogenous TCR expression (36). J76 cells were kindly
provided by Dr Mirjam Heemskerk (Leids Universitair Medisch Centrum, The Netherlands).
Function was evaluated by the induction of the early activation marker CD69 on TCR-
transduced J76 cells stimulated with decreasing doses of Gag293 peptide.

TCR transduction in J76 cells—J76 cells were maintained in complete RPMI in the
presence of 10% fetal bovine serum (FBS). For TCR transfer, 0.5 x 106 J76 cells were
resuspended in 0.5 mL complete RPMI medium supplemented with 10% FBS, and plated in
a 24-well plate. TCR lentiviral particles corresponding to 200 ng of p24 antigen were added
to each well and thoroughly resuspended by pipetting. After 3 hours, 0.5 mL fresh medium
was added to each well. Three days later, J76 cells were labeled with CD4-PE-CF594, TCR-
APC, CD3-eF780-APC antibodies and the eF506-conjugated viability dye, and analyzed by
flow cytometry. Transduction efficiency was determined by the percentage of upregulation
of the CD3 and TCR molecules at the cell surface.

J76 cell activation assay—Murine fibroblasts (L cells) stably transfected to express a
single human HLA-DR allele (DR1, DR11, DR15, or DRB5) were used as antigen
presenting cells (37). L cells were kindly provided by Dr. Bernard Maillére (Saclay Institute
of Biology and Technologies, France). L cells were maintained in complete RPMI
supplemented with 10% FBS and 1% Non-Essential Amino Acids (Life Technologies). L-
cells were loaded with serial Gag293 peptide dilutions ranging from 2 x 107> to 10711 M.
Aliquot of 5 x 10 peptide-loaded L-cells were co-cultured with 5 x 10* TCR-transduced J76
cells in a 96-well plate for 16h at 37°C. The next day, cells were washed and labeled with
CD69-PE, CD4-PE-Cy7, TCR-APC, CD3-eF780-APC antibodies and the eF506-conjugated
viability dye. Events were acquired using a FACSCanto Il flow cytometer (BD Biosciences)
and analyzed to determine the cell surface expression of CD69 as a measure of J76 cell
activation upon Gag293 recognition.

Statistical analyses

Statistics were computed with the Prism v7.0 software (GraphPad). P values <0.05 were
considered statistically significant. Differences between groups were analyzed with the non-
parametric Mann-Whitney U test. Differences in motif overlap frequencies were analyzed in
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contingency tables with Fisher’s exact test. Half maximal effective concentrations (EC50)
were obtained after non-linear curve fit using a sigmoidal dose response model in Prism. All
significant differences between groups (£ < 0.05) are reported in data plots.

RESULTS

Increased Gag293-specific CD4 responses upon EP DNA vaccination

The ADVAX DNA vaccine was administered to healthy volunteers as a series of 3
electroporations of 4 mg DNA at weeks 0, 8, and 36 in the EP high dose group (n=8), and as
two intramuscular injections of 4 mg DNA at weeks 0 and 8 in the IM group (n=8). Ex vivo
analyses of PBMC in the ADVAX trial had shown detectable Gag-specific ELISpot
responses in vaccinated volunteers of the EP high-dose group but not in the IM group (27).
To increase the sensitivity of Gag-specific CD4+ T cell detection, we generated short-term
primary CD4+ T cell lines primed with one of three immunodominant Gag peptides, and
analyzed IFN-y ELISpot responses after peptide restimulation. The three 20-mer peptides
Gag293, Gag263, and Gag161 were chosen as together these induce a CD4 response in a
majority of HIV-1 infected patients, and in over 80% of HIV controllers tested (11, 17).
Primary CD4+ T cell lines were obtained from PBMC collected 2 weeks after the second
vaccination (wk10) for both the EP and IM groups (n=7 and n=6, respectively; see
Supplemental Fig. 1A for a list of samples tested). A second sample obtained 2 weeks after
the third vaccination (wk38) was also tested for a subset of volunteers of the EP group (n=5).
Controls included volunteers of the Placebo group (n=4), who had received saline instead of
ADVAX DNA during the electroporation procedure.

Gag293-specific CD4 responses proved significantly higher in the EP group than in the IM
group (P<0.05), confirming the enhanced immunogenicity conferred by DNA
electroporation (Fig 1A). Responses to the other two Gag peptides, Gag263 and Gag161,
were less frequent and did not significantly differ between the EP and IM group (Fig. 1B and
C). One member of the Placebo group showed a positive response to Gag263, which may
have resulted from in vitro priming of naive CD4+ T cell precursors, as previously reported
(38, 39).

EP DNA vaccination induces Gag293-specific responses of higher sensitivity than
progressive HIV infection

We next analyzed the antigen sensitivity of the immunodominant Gag293-specific response,
by restimulating the primary CD4+ T cell lines with decreasing doses of Gag293 peptide.
The antigen sensitivity was defined as the last peptide dilution that gave a positive IFN-y
ELISpot response 2x higher than background, with a higher antigen sensitivity
corresponding to a lower peptide dose (Fig. 1D). We reported previously that this
measurement clearly distinguished HIV controllers (HIC) from patients who were treated in
the chronic stage of the infection (HAART), with a higher antigen sensitivity of the Gag293-
specific response in the HIC group (11). Vaccinated volunteers from the ADVAX EP group
showed a median antigen sensitivity (10~/M) that was close to that found in HIV controllers
(5 x 1078M) and significantly higher than that found in treated patients (5x10~’M; p<0.05)
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(Fig. 1E). However, antigen sensitivity in vaccinees did not reach the very high levels seen in
a subset of the HIV controllers (up to 10710M).

Comparison of antigen sensitivities of the Gag293-specific responses at week 10, after the
second DNA EP vaccination, and at week 38, after the third DNA EP vaccination, showed a
non-significative trend towards higher antigen sensitivities (Fig. 1F), suggesting a possible
maturation of the CD4 response upon vaccine boosting. Taken together, these findings
indicated that EP DNA vaccination induced Gag293-specific responses of higher antigen
sensitivity than treated chronic HIV infection, even though the levels and duration of
antigenic stimulation were much lower in the case of vaccination.

Biased TCR variable gene usage in Gag293-specific CD4+ T cells amplified by EP DNA

vaccination

To characterize the Gag293-specific TCR clonotypic repertoire, vaccinees were first typed
for HLA DRB1. Primary CD4+ T cell lines were then evaluated for the presence of Gag293-
specific cells by labeling with matched HLA-DR tetramers loaded with the Gag293 peptide.
Five tetramers were used for this study, based on HLA alleles DRB1*0101 (DR1),
DRB1*0701 (DR7), DRB1*1101 (DR11), DRB1*1502 (DR15), and DRB5*0101 (DRB5).
Matched tetramers loaded with an irrelevant CLIP peptide were used for negative controls,
as shown for representative examples (Fig. 2A and Supplemental Fig. 1B). Additional
negative controls consisted in healthy donor PBMC (Supplemental Fig. 1C). Five vaccinees
from the EP group (hereafter referred to as the ADVAX group) showed detectable tetramer-
positive (Tet+) cell populations, which were sorted for TCR clonotypic analysis. When
feasible, samples were sorted with two HLA-DR tetramers, and at two available time point.
The frequency and mean fluorescence intensity (MFI) of the Tet+ populations are reported
in Supplemental Fig. 1A. Tet+ cell samples were analyzed by a series of 35 TRAV-specific
and 24 TRBV-specific real time RT-qPCR reactions to quantify the distribution of the
variable TCR gene families in the Gag293-specific CD4+ T cell population (representative
example shown in Fig. 2B). The TRAV and TRBV gPCR results obtained for the ADVAX
group (Fig. 2C, top panels) were compared to those previously reported for the HIC and
HAART groups (Fig. 2C, middle and bottom panels) (22).

TRAV gene distribution proved relatively diverse in the ADVAX group, with a
predominance of the TRAV29 family, followed by TRAV24 and TRAV 9 (Fig. 2C, left).
Comparison with HIV infected patients showed an overall similar pattern, though the
clonotypic repertoire was more focused on TRAV24 in HIV Controllers compared to both
vaccinees and treated patients. Quantitation of the percentage of TRAV24 expression
confirmed the significantly higher expression of TRAV24 in the HIC group, as compared to
the ADVAX and HAART groups (P<0.05 in both cases; Fig. 2D, left). Of note, Gag293-
specific cells from the 3 groups showed a bias in TRAV24 expression compared to healthy
donor T cells (HD), where TRAV24 was only expressed at low levels, with a median value
of 1%.

TRBYV gene distribution was highly biased in the ADVAX group, with a marked dominance
of the TRBV2 family (Fig. 2C, right). The TRBV2 bias in vaccinees appeared as marked as
that seen in HIV controllers, and more prevalent than that seen in treated patients.
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Quantitation of TRBV2 expression showed high median values in the 3 groups (82% in
HIC; 65% in ADVAX; 28% in HAART) compared to those observed in healthy donor T
cells (4% in HD; Fig. 2D, right). Taken together, this analysis revealed that EP DNA
vaccination induced a strongly biased Gag293-specific TCR repertoire, with preferential
expression of TCR variable family genes that were also amplified in HIV infection.
Interestingly, vaccinees shared a marked TRBV2 bias with HIV controllers, raising the
possibility of a shared clonotypic repertoire between the two groups.

Intermediate levels of clonotypic diversity in vaccinated volunteers

Clonotypic repertoire analysis of ADVAX samples was first carried out for the two variable
gene families preferentially shared with HIV controllers, TRAV24 and TRBV?2, to allow
comparisons between groups. Positive PCR products (>5%) corresponding to these families
were cloned, sequenced, and analyzed with the software tools provided by the
ImmunoGeneTics information system (IMGT) (33). A minimum of 50 productive CDR3
sequences were analyzed per ADVAX sample, with the full list of sequences provided in
Supplemental Table 1. This dataset, which consisted in 473 TRAV24 sequences and 723
TRBV2 sequences, was compared to those previously reported for 8 HIV controllers (HIC:
584 TRAV24 and 716 TRBV2 sequences) and 8 efficiently treated patients (HAART: 496
TRAV24 and 566 TRBV2 sequences) (22).

Productive TRAV24 and TRBV2 sequences were evaluated for diversity by counting the
number of distinct clonotypes, i.e. the number of unique CDR3 amino acid (a.a.) sequences,
normalized to a total of 100 sequences. The diversity of TRAV24 clonotypes proved variable
among vaccinees, with a few samples that could be as diverse as those of controllers (Fig.
3A, left). The diversity of TRBV2 clonotypes was significantly lower in vaccinees than in
controllers (P<0.05), and comparable to that observed in treated patients (Fig. 3A, right).
Further analyses based on the Simpson’s diversity index, which takes into account both the
number of clonotypes and the frequency of each clonotype in the dataset, supported the
notion that clonotypic diversity in the ADVAX group was intermediate between those
observed for controllers and treated patients (Supplemental Fig. 2A). Thus, vaccination with
DNA alone was sufficient to induce a relatively diverse Gag293-specific clonotypic
repertoire.

Biased J and D gene usage in Gag293-specific CD4+ T cells amplified by DNA vaccination

Analysis of the distribution of junction (J) and diversity (D) TCR gene segments highlighted
a restricted usage of these genes in the ADVAX sequence dataset (Fig. 3B). Six TRAJ genes,
out of a total of 61 TRAJ genes reported in the IMGT database, were dominant in the
ADVAX dataset, representing a total 98% of ADVAX TRAV24 sequences (Fig. 3B, top
row). These 6 TRAJ genes were shared in 74% of controller sequences and 70% of treated
patient sequences, suggesting a common TRAJ bias. TRAJ17 was dominant among the
TRAV24 clonotypes from the three groups (36% in ADVAX, 48% in HIC, 27% in HAART),
supporting the notion of a common TCR bias.

In the TRBV2 sequence dataset, a strong bias for TRBJ2-3 was apparent in the ADVAX
group (75% of sequences), while this bias was less marked in the controller group (22%) and
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even less so in the HAART group (10%) (Fig. 3B, middle row). The 3 most prevalent TRBJ
genes in ADVAX dataset, which together represented 91% sequences, were shared in 79%
of controller sequences and 41% of treated patient sequences, suggesting a higher degree of
similarity between vaccine and controller TRBV2 sequences. This notion was confirmed by
the analysis of D gene distribution, as vaccinee and controller TRBV2 sequences
preferentially used TRBD2, while treated patient sequences used TRBD1 as frequently as
TRBD2 (Fig. 3B, bottom row).

Analysis of CDR3 length distribution in TRAV24 sequences showed a peak at 10 aa in the 3
groups, using the IMGT definition for CDR3 length, which excludes the conserved C104
and F/W118 terminal residues (Supplemental Fig. 2B, left). The kurtosis parameter
measures the peakedness of a distribution, and takes negative values for distributions
“flatter” or with more outliers than the Gaussian distribution. Kurtosis was higher in the
ADVAX and HIC groups than in the HAART group, indicating a distribution of TRAV24
CDR3 lengths more focused around the 10 aa peak in vaccinees and controllers compared to
treated patients (Supplemental Fig. 2C, left). In the TRBV2 sequence dataset, CDR3 lengths
peaked at 13 aa in the ADVAX and HIC groups, while CDR3 lengths were more diverse in
the HAART group (Supplemental Fig. 2B, right). This notion was supported by positive
kurtosis values in the ADVAX and HIC groups, and a negative value in the HAART group
(Supplemental Fig. 2C, right). Taken together, both J/D gene usage and CDR3 length
analyses suggested that vaccinee CDR3 sequences shared more features with those of
controllers than those of treated patients.

High prevalence of public motifs shared between vaccinated volunteers and HIV controller
CDRS3 sequences

We next evaluated whether the Gag293-specific CDR3 sequences from vaccinated
volunteers and HIV controllers shared common amino acid motifs. A first analysis using the
MEME motif discovery software (34) showed similarities in the dominant motifs derived
from the ADVAX and HIC TRAV24 datasets, with these similarities being particularly
marked in the C-terminal half of the CDR3 region, consistent with shared TRAJ usage
(Supplemental Fig. 3A, left). Analysis of the TRBV2 datasets revealed more complex
motifs, with conserved residues apparent in the N-terminus, the central portion (positions 8—
9), and the C-terminus of the CDR3 region (Supplemental Fig. 3A, right).

To further evaluate the degree of CDR3 motif sharing, we quantified the frequency of
simpler motifs that were previously found to be highly prevalent in HIV controller Gag293-
specific CDR3 sequences (22). The first TRAV24 motif, [AS]X[KR]JAAGNKLT, was found
in 33% of ADVAX TRAV24 sequences, compared to 37% of HIC and 22% of HAART
sequences (Fig. 4A, top). The second TRAV24 motif AXYGGATNKLI defined in controllers
was not found in the ADVAX sequence dataset. The sum of frequencies for these two motifs
remained significantly higher in HIV controllers than in the other two groups as measured
by Fisher exact test (Fig. 4B, left). In contrast, the two TRBV2 motifs, ASSX[RGL][TA]
[SGIGXX[ET]Q[FY] and ASSX[RGL][TA][SGGXX[ET]Q[FY], were found to be almost as
prevalent in the TRBV?2 repertoire of vaccinees (42.87%) as in that of HIV controllers
(50.42%), while these motifs were infrequent in treated patients (10.25%; ADVAX vs
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HAART: P<0.0001; Fig. 4B, right). Thus, one third or more of Gag293-specific clonotypes
induced by DNA vaccination shared CDR3 motifs with those of HIV controllers, suggesting
a significant degree of TCR repertoire overlap in spite of very different modes of antigenic
priming.

We next sought to better characterize the part of the vaccine-induced clonotypic repertoire
that wasn’t shared with HIV controllers. To do so, we searched for a.a. motifs that were
prevalent in the ADVAX sequence dataset but did not overlap with the controller-derived
CDR3 motifs. Using the Protein Pattern Find module from the Sequence Manipulation Suite
(35), we identified two TRAV24 motifs and one TRBV2 motif that fit this definition (Fig.
4A, bottom). The two TRAV24 motifs, AS[DN]YGG[TS]QGNLI and A[FS]
[SDINQ[AG]GTALIF, were present in a total of 26% of ADVAX sequences, but were absent
in the controller sequence set and made only 5.6% of the treated patient sequences (p
<0.0001 in both cases; Fig. 4C, left). Similarly, the BV2 motif [A/S]SR[R/E][L/T]xX[R/G]
[T/A/SIDTQYF was frequent in the ADVAX repertoire (24.6%) and rare or absent in patient
groups (p <0.0001 in both cases; Fig. 4C, right). Thus, the Gag293-specific repertoire
induced by DNA vaccination comprised a set of clonotypes characteristic of vaccinees, in
addition to a set of clonotypes similar to those of HIV controllers.

DNA vaccination induces HLA-DR cross-restricted public clonotypes shared with HIV

controllers

We next evaluated the frequency of Gag293-specific public clonotypes induced by DNA
vaccination. A public clonotype was defined as a CDR3 a.a. sequence shared by at least two
individuals belonging to any of the three groups studied, based on the ADVAX sequence
dataset reported in the present study (Supplemental Table 1) and on the previously reported
HIC and HAART total sequence datasets (22). This definition of public clonotypes implied
the detection of identical CDR3 a.a. sequences, without any mismatch tolerated. A total of
14 TRAV24 and 4 TRBV2 public clonotypes were detected in the Gag293-specific
sequences obtained from vaccinees, which represented 31.1% and 5.7% of the total number
of TRAV24 and TRBV2 a.a. clonotypes, respectively (Fig. 5B). Thus, clonotype sharing
appeared frequent, even though the subject studied had diverse HLA-DR genotypes. To
better understand this phenomenon, we reported for each public clonotype the HLA-DR
alleles corresponding to the MHC class Il tetramers used for sorting, in the present study
(black type) or in the previous one (red type) (22). This analysis highlighted that all public
clonotypes showed a degree of HLA-DR cross-restriction, as indicated by their reactivity
with at least two distinct HLA-DR tetramers. HLA-DR cross-restriction was particularly
broad for the set of TRAV24 public clonotypes, with up to 5 distinct HLA-DR alleles
recognized. These findings helped explain the extent of Gag293-specific clonotypes sharing
in individuals of diverse HLA background.

To compare public clonotype frequencies between groups, we computed the number of
nucleotide sequences coding for public clonotypes, normalized to 100 sequences, using the
datasets generated from Gag293-specific primary T cell lines (Fig. 5A). Public clonotype
frequencies in the ADVAX group appeared intermediate between those obtained for HIV
controllers and treated patients. Specifically, the TRAV24 public clonotype frequency in the
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HIC group was higher than in the HAART group (P=0.015) but did not differ significantly
from the frequency measured in the ADVAX group. For the TRBV2 dataset, public
clonotype frequencies were higher in the HIC group than in both the ADVAX and HAART
groups (P=0.0006 and P=0.019, respectively).

It was noteworthy that the clonotypic repertoire of vaccinees contained the most prevalent
public clonotypes previously reported in HIV controllers (Fig. 5B). Indeed, the most
prevalent TRAV24 public clonotype (CAFKAAGNKLTF) found in 6/8 HIC and 2/8
HAART was also detected in 3/4 of the vaccinees. Similarly, the most prevalent TRBV2
public clonotype (CASSRRTSGGTDTQYF) found in 4/8 HIC was also detected in 2/4 of
the vaccinees. To better evaluate clonotypic repertoire overlap between groups, we counted
for each public clonotype found in vaccinees the number of patients in the HIC and HAART
groups who shared this clonotype (Fig. 5C). This analysis showed that the Gag293-specific
clonotypes induced by vaccination were more frequently shared with HIV controllers than
with treated patients (P=0.004). Taken together, these findings highlighted the capacity of
DNA vaccination to induce a set of broadly cross-restricted TCR clonotypes preferentially
expressed in controlled HIV infection.

Shared CDR3 features between TRAV29 and TRAV24 Gag293-specific clonotypes

While TRBV2 was highly dominant in the Gag293-specific repertoire of vaccinees, TRAV
usage was more diverse, with TRAV29 often predominating over TRAV24 (Fig. 2C).
Quantitation of TRAV29 usage among Gag293-specific CD4+ T cells showed a trend for a
higher frequency of TRAV29 expression in vaccinees than in HIV controllers and treated
patients (medians: ADVAX 25.4%; HIC 9.6%; HAART 4.4%), though the differences did
not reach significance (Fig. 6A). To compare the properties of TRAV29 and TRAV24
clonotypes, we sequenced the TRAV29-positive Gag293-specific clonotypic repertoire in
vaccinees (Supplemental Table 1). Analysis of 357 sequences obtained from 3 vaccinees
with high TRAV29 expression revealed a clonotypic repertoire that was less diverse than the
one obtained for TRAV24 (median number of a.a. clonotypes/100 sequences: 8.2 for
TRAV29 vs. 11.6 for TRAV24; Simpson diversity index: 0.46 for TRAV29 vs. 0.69 for
TRAV24; not shown). Shared clonotypes were not detected between the 3 vaccinated
volunteers analyzed, suggesting a low frequency of TRAV29 public clonotypes.

Interestingly, analysis of TRAJ distribution showed that TRAJ17, which was the most
prevalent J gene in the TRAV24 dataset (35.78%), was also dominant in the TRAV29 dataset
(29.13%) (Fig. 6B). TRAJ39 was also used at 12 to 13% in both datasets, resulting in over
40% of common J gene usage. Analysis of a.a. motifs with the MEME software revealed
similarities in the C-terminal part of the dominant motifs found in TRAV29 and TRAV24
sequences, consistent with J gene sharing (Supplemental Fig. 3B). Specifically, an
AGNKLTF motif, which was encoded by TRAJ17, predominated in the C-terminal region of
the CDR3 for both datasets. Thus, comparison of the TRAV24 and TRAV29 clonotypes in
vaccinees helped identify a set of conserved CDR3 residues that were likely to be involved
in Gag293 recognition.

While the TRAV24 and TRAV29 clonotypes from vaccinees shared some conserved
features, they differed in CDR3 length, which was in median 2 a.a. longer for TRAV29
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clonotypes (median length: 12 versus 10 a.a., not shown). We analyzed the numbers of
mutations introduced during the V(D)J recombination process, to determine whether a
higher number of insertions or a lower number of deletions could account for the increased
length of the TRAV29 clonotypes (Supplemental Fig. 3C). This analysis showed that
compared to germline sequences, the TRAV29 clonotypes had a number of P+N mutations
that was only slightly higher than that of TRAV24 private clonotypes (TRAV29 median=5;
TRAV24 median=4; P=0.04). In contrast, TRAV29 clonotypes showed a low number of
nucleotides trimmed from germline sequences (median=5) as compared to private TRAV24
clonotypes (median=10; P<0.0001). Thus, TRAV29 clonotypes had undergone only limited
trimming upon V(D)J recombination, which could account for their longer length. Limited
trimming may also help explain the frequent amplification of TRAV29 clonotypes during
vaccination, as fewer steps are needed to generate such clonotypes during the V/(D)J
recombination process.

A dominant TRAV29 clonotype generates HLA-DR cross-restricted TCRs

We then set to determine whether a TRAV29 clonotype could confer functional properties
associated with TRAV24 public clonotypes, such as HLA cross-restriction and high antigen
sensitivity. To do so, we selected the most dominant TRAV29 clonotype
(CAASAPAAGNKLTF), which represented 100% of TRAV29 sequences in sample Vx36
wk38 (Supplemental Table 1), and for which we could predict pairing with two highly
expressed TRBV2 clonotypes (CASSRRTSGGADTQYF and CASSRRTSGGSDTQYF). Of
note, the chosen TRAV29 clonotype comprised TRAJ17 and hence the dominant AGNKLT
C-terminal motif identified in the MEME analysis. The associated TRBV2 clonotypes each
differed by a single residue from the most prevalent TRBV2 public clonotype found in
controllers and vaccinees (CASSRRTSGGTDTQYF). The TRAV29 and TRBV2 sequences
were paired by insertion in a T2A lentivector, to generate the AS1 and AS7 TCRs (Fig. 7A).
The TCR lentivectors were transduced in the TCR-negative J76 CD4+ T cell line (36), and
tested for function by measuring the induction of the CD69 activation marker in the presence
of APC pulsed with the decreasing doses Gag293 peptide. L cells stably expressing a single
HLA-DR allele were used as APC, allowing for a precise control of the restricting HLA-DR
molecule. The F24 TCR, a high avidity public TCR derived from HIV controllers (22), was
used as a positive control. The AS1 and AS7 TCRs proved functional in 4 of the 7 HLA-DR
contexts tested, as they yielded a detectable response in the presence of DR1, DR11, DR15,
and DRB5 APC (Fig. 7B to D), but did not respond in the presence of DR3, DR4, and DR7
APC (not shown). However, the AS1 and AS7 TCRs showed lower antigen sensitivities than
the controller-derived TCR F24: specifically, the AS1 and AS7 TCR responded relatively
efficiently when restricted by DR11 and DR15, with antigen sensitivities measured by EC50
values in the 107 to 107 M range (AS1/DR11: 1.54x107°; AS7/DR11: 4.14x1075; AS1/
DR15: 5.95x1076; AS7/DR15: 4.15x107%), while responses were low when restricted by
DR1 and DRBS5. The two TCRs showed comparable responses except in the context of
DR11 restriction, where AS7 proved more sensitive to Gag293 than AS1. These two TCRs
differed by only one residue at position 11 in the CDR3b region, indicating that an A rather
than an S at this position promoted a more efficient detection of the Gag293/HLA-DR11
complex. Thus, a single residue within the CDR3b could modulate the extent of HLA-DR
cross-restriction.
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Taken together, the analysis of TRAV29 clonotypes induced by DNA vaccination showed
conserved features with TRAV24 clonotypes, including shared TRAJ gene usage and C-
terminal motifs, as well as the capacity to generate HLA-cross-restricted TCRs specific for
Gag293. However, functional analysis of two highly expressed TRAV29-containing TCRs
pointed to intermediate responses, suggesting that TRAV24 rather than TRAV29 clonotypes
were responsible for the high avidity component of the Gag293-specific response.

High precursor frequencies contribute to the frequent sharing of TRAV24 but not TRBV2

clonotypes

To better define factors that shaped the clonotypic repertoire induced by DNA vaccination,
we set to estimate the precursor frequency of the Gag293-specific clonotypes identified in
ADVAX recipients. To do so, we counted the occurrences of each vaccinee clonotype in a
large dataset of total T cell clonotypes obtained from healthy donors. For this analysis, we
used the clonotypic dataset recently published by J. Heather and colleagues (40), which
consisted in 541,401 productive TRA sequences and 693,571 productive TRB sequences
collected from 11 healthy donors (HD). The percentage of ADVAX clonotypes found in the
HD repertoire was found to be high for TRAV24 clonotypes (37.8%), intermediate for
TRAV29 clonotypes (19%), and low for TRBV2 clonotypes (4.3%) (Fig. 8A, left). The
presence of ADVAX clonotypes was then explored in a second HD dataset reported by S.
Mangul and colleagues, and consisting exclusively of public TCR clonotypes (41). The
public clonotypes were extracted from RNA-Seq data generated by the Genotype-Tissue
Expression Consortium, using samples from 544 individuals, and based on the
reconstruction of approximately 200,000 TCR CDR3 sequences. 15.6% of the ADVAX
TRAV24 clonotypes, but none of the TRAV29 clonotypes could be detected among the
4,406 TRA public clonotypes reported. Similarly, none of the ADVAX TRBV2 clonotypes
could be detected in the set of 3,101 TRB public clonotypes (Fig. 8A, right). Thus, analysis
of two independent datasets showed that Gag293-specific TRAV24 clonotypes were
frequently detected in the clonotypic repertoire of individuals who were not infected by HIV.

We then computed the frequency of each ADVAX clonotype found in the HD repertoire
reported by Heather et al., which provided an estimate of the clonotype precursor frequency
in the naive T cell repertoire, prior to Gag-dependent clonal selection (Fig. 8B to D).
Multiple TRAV24 ADVAX clonotypes showed remarkably high precursor frequency, above
the 107° threshold (Fig. 8B). Among these high frequency clonotypes, the majority (6/7)
were public in the ADVAX/HIC/HAART repertoires, suggesting a link between high
precursor frequency and publicity. TRAV29 clonotypes showed intermediate precursor
frequencies, while TRBV2 clonotypes showed low precursor frequencies that remained
below the 107> threshold (Fig. 8C and D). Thus, high precursor frequency likely contributed
to the frequent sharing of TRAV24 clonotypes among vaccinees and HIV Controllers. In
contrast, the sharing of TRBV2 clonotypes could not be accounted for by high precursor
frequency, and must therefore have resulted from selection of clonotypes that were highly
efficient at Gag293 recognition.
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DISCUSSION

Analyses of the TCR clonotypic repertoire are emerging as a new approach to evaluate the
quality of T cell responses at the molecular level. Our study of the Gag293-specific
clonotypic repertoire induced by EP DNA vaccination revealed an unexpected degree of
motif and clonotype sharing with HIV controllers, while sharing was more restricted with
treated patients. These findings were consistent with the functional analysis, as Gag293-
specific CD4+ T cell responses in ADVAX recipients showed an antigen sensitivity that was
close to that measured in HIV controllers, and higher than that measured in treated patients.
It was noteworthy that the most frequent TRAV24 and TRBV2 public clonotypes found in
HIV controllers, which can generate high affinity TCRs, were also induced by EP DNA
vaccination. Intramuscular injection of the same DNA vaccine did not yield detectable
Gag293-specific responses, pointing to the benefit of DNA delivery by electroporation,
which in the ADVAX trial increased immunogenicity by up to 70x fold (27). The present
study demonstrates that EP DNA delivery not only increases T cell responses quantitatively,
but also primes for TCR clonotypes that are associated with viral control.

A high percentage of the clonotypes identified in ADVAX recipients were public (31.1% of
TRAV24 and 5.7% of TRBV2 clonotypes), even though the study participants expressed
diverse HLA-DR genotypes. The extent of clonotypic sharing could be explained in part by
HLA cross-restriction, as all of the public clonotypes identified in vaccinees could be
isolated with at least two distinct HLA-DR tetramers. CD4+ T cell responses have been
reported to be more frequently cross-restricted than CD8+ T cell responses, one reason
being that CD4 epitopes can bind a greater diversity of MHC alleles than their CD8
counterparts (42). This greater flexibility may be accounted by structural features of the
peptide / MHC Il interaction, such as the possibility for the peptide to bind into different
registers within the open MHC Il grove. The Gag293 peptide and its shorter variants are able
to bind efficiently to an unusually large array of HLA-DR molecules, with up to 13 alleles
recognized (43, 44). This promiscuous HLA Il binding likely contributes the frequent
detection of the Gag293-specific response, which is the most immunodominant among CD4
responses directed at the HIV proteome (11, 24, 43, 44). HLA cross-restriction also depends
on TCR clonotype properties, as by definition an HLA-cross-restricted TCR can recognize
multiple peptide/MHC complexes. Of note, we previously reported a correlation between the
functional avidity of Gag293-specific TCRs from controllers and their degree of HLA-DR
cross-restriction (22). This relationship likely reflects the capacity of high avidity TCRs to
better tolerate suboptimal variants of HLA contact residues in the context of a strong TCR/
pMHC interaction. A similar phenomenon may occur in EP DNA vaccination, with the
amplification of clonotypes involved in high avidity TCR interactions, and thus better able to
tolerate multiple MHC 11 restricting alleles. Therefore, the extent of HLA cross-restriction
may reflect the capacity EP DNA vaccination to induce a high avidity Gag293-specific
response.

Analysis of clonotypic repertoires from healthy individuals suggests that a high precursor
frequency also contributes to the amplification of TRAV24 public clonotypes in ADVAX
recipients. More than one third of the Gag293-specific TRAV24 clonotypes from vaccinees
were present in the dataset reported by Heather et al. (40), and half of those were also

J Immunol. Author manuscript; available in PMC 2018 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mukhopadhyay et al.

Page 18

present in an independently obtained public clonotype dataset reported by Mangul. et al
(41). Multiple Gag293-specific TRAV24 clonotypes could be detected in the healthy
repertoire at frequencies above 1072, which is in the high range of T cell precursor
frequencies estimated for HIV-derived CD4 epitopes (39, 45, 46). Of note, HIV-specific
CDA4+ T cells have been detected not only in the naive but also in the memory CD4+ T cell
compartment of healthy uninfected individuals, suggesting that cross-reactivity with
environmental (possibly microbial) antigens may increase the preexisting frequencies of
some HIV-specific clonotypes (39, 46). Another reason for the high precursor frequency of
Gag293-specific TRAV24 clonotypes likely results from the ease by which they can be
generated during V(D)J recombination. Consistent with the notion of convergent
recombination (47), TRAV24 public clonotypes had a low number of non-templated CDR3
mutations and required little trimming from germline sequences, which increases the
probability of generating these clonotypes during the random V(D)J recombination process.
Large scale repertoire analyses have confirmed that public clonotypes tend to harbor fewer
mutations and are detected at higher precursor frequencies than private clonotypes (48, 49).
Importantly, public clonotypes preexisting at high precursor frequencies may provide a
critical advantage upon encounter with a rapidly replicating pathogen such as HIV. Indeed,
such public clonotypes could be sufficiently abundant to trigger a rapid T cell response prior
to systemic virus dissemination, thus limiting T cell exhaustion and depletion. It is relevant
that a high frequency of Gag-specific CD8 public clonotypes has been associated with a
favorable outcome in the SIV simian model of AIDS, both in primary infection and in a
vaccination setting (50). It is also becoming apparent that particular Gag-specific CD8
clonotypes are associated with HIV control (19-21), though not all of these clonotypes are
generated at high precursor frequencies (51). There are still very few studies of the
clonotypic repertoire of HIV-specific CD4+ T cells, due to their scarcity and their
preferential depletion in the setting of progressive HIV infection (52, 53). However, the fact
that Gag293-specific public clonotypes predominate in HIV controllers as compared to
patients who had progressive infection also argues for a protective role of CD4 public
clonotypes. Therefore, there is a strong rationale to devise vaccination strategies that
increase the frequency of both CD4 and CD8 public clonotypes that predominate in
controlled HIV infection.

While TRBV2 public clonotypes were detected in ADVAX recipients, they were less
common than TRAV24 public clonotypes, which may have resulted from the lower
precursor frequency of individual TRBV2 clonotypes. However, the Gag293-specific
repertoire as a whole was extremely biased towards TRBV2 usage, in vaccinees as well as
infected patients, suggesting that conserved structural determinants of the TRBV2 chain
make an essential contribution to the recognition of the Gag293 peptide. Of note, public
motifs identified in controllers were present in over 40% of TRBV2 clonotypes from
vaccinees, well above the frequency of such motifs in the treated patient group (10%). This
finding further highlights the capacity of EP DNA vaccination to induce a set of clonotypes
associated with HIV control. In contrast, patients who had progressive HIV infection may
have lost a significant portion of their HI\-specific TCR repertoire, as suggested by an
overall decrease of TCR clonotypic diversity in such patients (40, 54). It is also possible that
T cell priming in the context of productive HIV infection prevented the selection or
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amplification of efficient clonotypes at an early stage. Further research into factors that
shape the composition of the HIV-specific T cell repertoire during primary HIV infection
may help distinguish between these possibilities, and may shed light on the mechanisms
underlying the early loss of CD4 helper function.

While the Gag293-specific clonotypic repertoire of ADVAX recipients contained
“controller-like” clonotypes, it also comprised an additional population of clonotypes that
appeared uniquely induced by vaccination. This was apparent from the TRAV24 and
TRBV2 public motif analyses, which identified a set of motifs shared with controllers, and
another set of motifs almost exclusively used in clonotypes from vaccinees. This was also
apparent in the distribution of V gene usage, as the TRAV24 bias characteristic of controllers
was less marked in vaccinees, who showed a more frequent use of the TRAV29 chain.
CDR3 sequences from TRAV24 and TRAV29 clonotypes did show common features, such
as a shared GNKLTF C-terminal motif, but also differed significantly in size and diversity,
with the TRAV29 clonotypes being in mean longer by 2 residues and less diverse.
Functional analysis of two highly-expressed TRAV29+ TCRs suggested that these TCRs
could share some of properties of TRAV24+ TCRs from controllers, such as broad HLA-DR
cross-restriction, but did not achieve high antigen sensitivity in all the HLA-DR contexts
tested. These findings, associated to the predominance of TRAV24 over TRAV29 clonotypes
in HIV controllers, suggest that TRAV24 rather than TRAV29 clonotypes make the
dominant contribution to the high-avidity Gag293-specific response.

The factors involved in skewing the vaccine response towards the induction of a controller-
like clonotypic repertoire remain to be elucidated. It is clear that controllers are subjected to
recurrent stimulation with HIV antigens over periods of years, as indicated by the persistent
detection of low levels of viral replication, as well as by signs of low grade chronic immune
activation (16, 55, 56). Chronic antigenic stimulation is likely to stimulate the amplification
of high avidity TCR clonotypes, as such clonotypes confer better T cell proliferative
capacity (57) and are preferentially amplified upon recall responses (58). Analyses of
persistent CMV and EBYV infections support the notion public clonotypes are selected and
amplified due to high affinity interactions with antigen-MHC complexes (59-61). Repeated
vaccine boosting may in part mimic chronic antigenic stimulation and promote the
amplification of high avidity TCR clonotypes. Of note, the T cell responses induced by
ADVAX DNA electroporation were diverse and of relatively high avidity, but were not of
high magnitude (27). It is likely that combining EP DNA vaccination with a series of
protein-based HIV antigen boosts could further expand the subset of high-avidity Gag-
specific clonotypes. Indeed, combining DNA priming with protein boosting has shown
superior immunogenicity compared to DNA vaccination alone in multiple models (62, 63),
and may be a strategy to further bias the clonotypic repertoire towards controller-like
signatures. On the other hand, immune mechanisms that naturally maintain the diversity of
the clonotypic repertoire may have to be countered to allow the emergence of high avidity
public clonotypes. For instance, specific B cells that emerge in the course of infection or
vaccination have the capacity to prime low avidity CD4+ T cells, due to their very efficient
capture of antigen through Ig receptors (64) Thus, the focusing of the specific TCR
repertoire on high avidity clonotypes may have to be balanced with the development of the
specific B cell response.
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Adjuvants also impact the quality of the vaccine-induced-clonotypic repertoire, as shown for
instance by the capacity of a combination of TLR-4 and TLR-9 ligands to induce the
selection high-avidity CD4 clonotypes (65). Of note, electroporation per se was shown to
have an adjuvant effect by causing a transient inflammation that recruits antigen presenting
cells to the site of DNA injection (66, 67). This phenomenon likely contributes to the notable
increase in immunogenicity of the ADVAX vaccine administered by electroporation as
compared to simple intramuscular injection. It will be of interest to test additional
vaccination modalities, such as viral vector delivery (68), and to determine which is best
able to mimic the clonotypic repertoire typical of HIV controllers. Parameters such as the
TRAV24/TRAV29 ratio, the frequency of public motifs, and the frequency of public
clonotypes shared with the controller dataset could be analyzed. Monitoring the emergence
of high avidity public clonotypes known to confer efficient T cells responses upon TCR
transfer will be of particular interest, as this approach will directly inform on specific T cell
function.

The present study shows that comparing the specific clonotypic repertoire of vaccinees and
HIV controllers is feasible even while studying individuals who were not selected for a
particular HLA genotype. The study of a relatively limited number of individuals was
sufficient to evidence a high degree of clonotypic sharing, which opens the possibility of
applying this approach to multiple vaccine candidates, especially if they induce HLA cross-
restricted CD4 responses. The concept is applicable to a variety of infection and vaccination
settings where protective TCR clonotypes have been identified or are thought to occur (69,
70). It is for instance relevant that high avidity CD8 TCR clonotypes have been associated to
the spontaneous control of HCV infection in several studies (71, 72). Recent studies have
started exploring the dynamics of the specific clonotypic repertoire upon vaccination against
diverse viral pathogens, and have for instance revealed the recurrent expansion of influenza
virus specific clonotypes upon annual flu vaccination (73, 74). Clonotypic analyses also
open the possibility to rationally optimize vaccination protocols, by monitoring at an early
stage the effects of parameters such as antigen dose and vectorization on the quality of the
vaccine-induced T cell response (75, 76). As such, clonotypic analyses can complement and
integrate usefully with the developing field of systems vaccinology, which aims at
deconvoluting the complex network of immune genes that determine vaccination outcome
(77, 78). Implementing these system-based approaches should help identify predictors of
efficacy at an early stage in vaccination trials. This could in turn inform vaccine design, and
ultimately accelerate vaccine development.

In conclusion, we demonstrate that DNA vaccination administered by electroporation
induces a Gag-specific clonotypic repertoire with significant overlap with that of HIV
Controllers. The extent of clonotypic sharing could be attributed in part to broad HLA cross-
restriction and high clonotype precursor frequencies, in addition to selection for high avidity
antigen recognition. The study provides a proof of concept for TCR clonotypic analyses in
the HIV vaccine field, and highlights the interest of comparing vaccine candidates based on
the induction of clonotypic signatures associated with HIV control.
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Figure 1. EP DNA vaccination induces high sensitivity Gag293 specific responses
(A, B, C) IFN+y ELISpot responses in ADVAX vaccine recipients: production of IFNvy by

CDA4+ T cell lines specific for Gag293 (A), Gag263 (B), and Gag161 (C) were compared
between healthy volunteers who received the ADVAX vaccine via electroporation (EP;
circles), by intramuscular injection (IM; squares; n=6), or who received a saline solution by
electroporation (Placebo; triangles; week 10, n=4; week 38, n=2). In the EP group, samples
obtained at week 10 (solid symbol, n=7) or week 38 (open symbol, n=5) are distinguished.
IFNy production was measured by ELISpot assay on CD4+ T cell lines restimulated with
1075 M peptide, and was expressed by the number of spot forming cells (SFC) per million
cells. Statistically significant differences (P < 0.05) computed using the Mann Whitney U
test are reported.

(D) Representative example of antigen sensitivity measurement in a Gag293-specific cell
line from a volunteer in the ADVAX EP group (1 out of 24 experiments is shown). The
IFNy ELISpot response was measured in function of decreasing doses of Gag293 peptide,
and antigen sensitivity was determined as the last positive dilution of peptide which elicited
a positive IFNy response 2-fold over background. Arrow indicates the last positive dilution
in this example (0.5uM).

(E) Comparison of antigen sensitivity in Gag293-specific CD4+ T cell lines derived from
HIV Controllers (HIC, hexagonal symbols, n=15), treated patients (HAART, diamonds,
n=17), and vaccinees (ADVAX EP, circles) analyzed at week 10 (solid symbols, n=4) and
week 38 (open symbols n=4). ADVAX samples with undetectable Gag293 responses are not
shown. Significant differences (P < 0.05) obtained by the Mann-Whitney U test are reported.
(F) Comparison of the antigen sensitivity of Gag293-specific CD4+ T cell lines from
ADVAX EP samples (n=4) obtained at week 10 (solid circle), two weeks after 2nd EP
vaccination, or at week 38 (open circle), two weeks after the third EP vaccination. The data
point with an undetectable IFN-y ELISpot response has been arbitrarily assigned an antigen
sensitivity of 107> M (star symbol), corresponding to the limit of detection of the assay.
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Figure 2. Biased TCR variable gene usage in Gag293-specific CD4+ T cells amplified by EP DNA
vaccination

(A) Example of Gag293-specific CD4+ T cells sorting after HLA-DR tetramer labeling. A
primary CD4+ T cell line derived from an ADVAX recipient was labelled with an HLA-
DRB1*0101 (DR1) tetramer loaded with Gag293. The percentage of tetramer+ (Tet+) cells
in the total CD4+ T cell population (middle plot) and in the sorted Tet+ population (right
plot) is reported in red. A sample labeled with the DR1 tetramer loaded with an irrelevant
peptide (CLIP) was used as a negative control (left plot).

(B) Representative example of gPCR analysis (1 out of 8 experiments) to quantify the
relative expression of the TRAV and TRBV variable genes in sorted Gag293-specific CD4+
T cells from an ADVAX recipient.

(C) Heatmaps depicting the TRAV and TRBV gene usage in Gag293-specific CD4+ T cells
from vaccinee samples (n=5) sorted with different HLA-DR tetramers. The TRAV and
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TRBV gene usage in Gag293-specific CD4+ T cells from HIV controllers (HIC) and treated
patients (HAART) are reported below. The most prevalent TRAV and TRBV genes are
marked in red.

(D) Comparison of the expression of TRAV24 and TRBV2 in Gag93-specific cells from
vaccinees (week 10, red, n=5; week 38, light blue, n=3), HIV controllers (HIC, dark blug,
n=8) and treated patients (HAART, green, n=8). The frequency of TRAV24 and TRBV2 in
the total TCR repertoire from healthy donors (HD, open circles, n=7) is reported for
comparison. Significant differences (P < 0.05) obtained with the Mann-Whitney U test are
reported.
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Figure 3. Analysis of clonotypic diversity in the Gag293-specific repertoire
(A) Diversity of the TRAV24 (left) and TRBV?2 (right) clonotype datasets was evaluated by

the number of unique CDR3 amino acid sequences (clonotype AA) obtained per 100 cloned

nucleotide sequences. Clonotypic diversity was compared between ADVAX recipients

Page 30

(week 10, red, TRAV24 n=4, TRBV2 n=4; week 38, light blue, TRAV24 n=2, TRBV2 n=3),

HIV Controllers (HIC, dark blue, n=8), and treated patients (HAART, green, n=8).

Significant differences (P < 0.05) obtained with the Mann-Whitney U test are reported.
(B) Jand D gene usage in Gag293-specific clonotypes: Frequencies of TRAJ genes (top

row), TRBJ genes (middle row), and TRBD genes (bottom row) in Gag293-specific

TRAV24 or TRBV2 sequences were analyzed in the ADVAX, HIC, and HAART groups.
TRAJ, TRBJ and TRBD gene families that predominate in in vaccinees (>8%) are depicted
in colours, while all other genes families are shown in grey. Number of sequences analyzed:
ADVAX TRA: 473; HIC TRA: 584; HAART TRA: 496; ADVAX TRB: 723; HIC TRB:
716; HAART TRB: 566.
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Figure 4. Frequent sharing of public CDR3 motifs between HIV controllersand ADVAX
recipients

(A) The percentage of motif occurrence in the CDR3 sequence datasets from vaccinees
(ADVAX), HIV controllers (HIC), and treated patients (HAART) was determined by using
the sequence manipulation suite (http://www.bioinformatics.org/sms2/). Motifs are reported
in single letter a.a. code; X stands for “any a.a.”; when several a.a. are possible at a given
position in the motif, they are shown in brackets.

(B) The sum of AV24-1 and AV24-2 motif frequencies (left) and of BV2-1 an BV-2 motif
frequencies (right) are plotted. (C) The sum of AV24-3 and AV24-4 frequencies (left) and
the BV2-3 motif frequency (right) are plotted. (B, C) Significant differences (P < 0.05)
between groups obtained with Fischer’s exact test are reported. Number of sequences
analyzed: ADVAX TRA: 473; HIC TRA: 584; HAART TRA: 496; ADVAX TRB: 723; HIC
TRB: 716; HAART TRB: 566.
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Figure 5. DNA vaccination induces Gag293-specific public clonotypes shared with HIV
controllers

(A) Frequency of nucleotide sequences coding for TRAV24 (left) and TRBV2 (right) public
clonotypes, normalized to 100 sequences. Public clonotypes are defined as identical CDR3
a.a. sequences shared by at least 2 individuals. Public clonotype frequencies were compared
between ADVAX recipients (week 10, red, TRAV24 n=4, TRBV2 n=4; week 38, light blue,
TRAV24 n=2, TRBV2 n=3), HIV Controllers (HIC, dark blue, n=8), and treated patients
(HAART, green, n=8).. Significant differences (P < 0.05) obtained with the Mann-Whitney
U test are reported.

(B) List public clonotypes found in the TRAV24 and TRBV2 repertoire of Gag293-specific
CD4+ T cells from ADVAX recipients. HLA-DR cross-restriction is evidenced by the
reporting the diverse MHC 11 tetramers that could be used to sort a given clonotype, either in
the present vaccine study (black type) or in the previous HIV controller study (red type)
(22).
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(C) Clonotypic repertoire overlap between groups was evaluated by counting for each public
clonotype found in vaccinees the number of patients in the HIC (left) and HAART (right)
groups who shared this clonotype. TRAV24 (n=14) and TRBV2 (n=4) public clonotypes are
represented by dark blue and light blue circles, respectively. The significant difference (P <
0.05) obtained with the Mann-Whitney U test is reported.
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Figure 6. Shared CDR3 features between TRAV29 and TRAV 24 Gag293-specific clonotypes
(A) Frequency of TRAV29 expression in Gag293-specific clonotypes from vaccinees (week

10, red, n=5; week 38, light blue, n=3), HIV controllers (HIC, dark blue, n=8) and treated
patients (HAART, green, n=8). The frequency of TRAV29 in the total clonotypic repertoire
of healthy donors (HD, clear circles, n=7) is shown for comparison.

(B) Pie charts depicting the distribution of TRAJ gene usage in Gag293-specific TRAV24
(top) or TRAV29 (right) sequences from ADVAX recipients. The dominant J genes shared
between the TRAV24 and TRAV29 repertoires are colored in red and blue, while other
amplified J genes (>10%) are shown in yellow. Number of sequences analyzed: ADVAX
TRAV29: 359; ADVAX TRAV24: 473.
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Figure 7. Analysis of TRAV29-mediated functional response to Gag293 stimulation
(A) A highly prevalent TRAV29 clonotype was paired with two TRBV2 clonotypes derived

from the ADVAX-induced Gag293-specific repertoire, to generate the AS1 and AS7 TCRs.
F24, a high-avidity TCR isolated from HIV controllers was used as a positive control. The
F24 TCR comprised the most prevalent TRAV24 public clonotype paired to one TRBV?2

public clonotype.

(B to D) The AS1 and AS7 TCRs were expressed in Jurkat J76 cells, which lack an
endogenous TCR complex. Transduced J76 cell were stimulated with APCs expressing
human DR1 (B), DR11 (C), DR15 (D), or DRBS5 (E) pulsed with decreasing doses of
Gag293 peptide. T cell activation was measured by the expression of CD69 following
overnight stimulation. One representative experiment out of three is depicted.
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Figure 8. Precursor frequencies of Gag293-specific clonotypes
(A) The percentage of ADVAX-induced Gag293-specific clonotypes was computed in

healthy donor clonotypic repertoires obtained from total T cells. Left: % found in a dataset
of 541,401 TRA clonotypes and 693,571 TRB clonotypes from healthy donors (HD) (40);
Right: % found in a dataset of 4,406 TRA public clonotypes and 3,101 TRB public
clonotypes from healthy donors (HD) (41); The percentage of TRAV29 (white bar),
TRAV24 (black bar), and TRBV?2 (grey bar) Gag293-specific clonotypes found at least once
in the HD repertoires is reported.

(B to D) Frequency of the TRAV24 (B), TRAV29 (C), and TRBV2 (D) Gag293-specific
clonotypes found within the dataset of 541,401 TRA clonotypes and 693,571 TRB
clonotypes from healthy donors (HD) reported by J. heather et al (40). Dotted lines mark the
107 frequency threshold. Public clonotypes are marked with an asterisk (*).
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