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Developing an immunotherapy to keep human immunodeficiency virus type 1 (HIV-1) replication sup-
pressed while discontinuing highly active antiretroviral therapy (HAART) is an important challenge. In the
present work, we evaluated in vitro whether dendritic cells (DC) electroporated with gag mRNA can induce
HIV-specific responses in T cells from chronically infected subjects. Monocyte-derived DC, from therapy-naive
and HAART-treated HIV-1-seropositive subjects, that were electroporated with consensus codon-optimized
HxB2 gag mRNA efficiently expanded T cells, secreting gamma interferon (IFN-y) and interleukin 2 (IL-2), as
well as other cytokines and perforin, upon restimulation with a pool of overlapping Gag peptides. The
functional expansion levels after 1 week of stimulation were comparable in T cells from HAART-treated and
treatment-naive patients and involved both CD4™ and CD8™ T cells, with evidence of bifunctionality in T cells.
Epitope mapping of p24 showed that stimulated T cells had a broadened response toward previously nonde-
scribed epitopes. DC, from HAART-treated subjects, that were electroporated with autologous proviral gag
mRNA equally efficiently expanded HIV-specific T cells. Regulatory T cells did not prevent the induction of
effector T cells in this system, whereas the blocking of PD-L1 slightly increased the induction of T-cell
responses. This paper shows that DC, loaded with consensus or autologous gag mRNA, expand HIV-specific

T-cell responses in vitro.

Studies of immune responses generated in human immuno-
deficiency virus type 1 (HIV-1)-infected individuals suggest
that CD8™ T cells play an important role in the defense against
the virus. In acute HIV infection, the appearance of HIV-
specific CD8" T cells is associated with a decline in viremia
(11, 32). More-direct evidence for the role of CD8" T cells in
viral control is deduced from studies of simian immune defi-
ciency virus (SIV)-infected rhesus macaques in which the de-
pletion of the CD8" T cells results in an increase of the viral
load and rapid disease progression (41, 55), although this is not
always the case (35). Among HIV-infected humans, long-term
nonprogressors (LTNP) with an undetectable viral load have
higher levels of multifunctional HIV-specific CD8" T cells in
comparison to patients with rapidly progressive disease (53).
Conversely, the HIV-specific CD8" T cells from rapid progres-
sors release low levels of interleukin 2 (IL-2) and high levels of
gamma interferon (IFN-v), they have a reduced proliferative
capacity, and their perforin expression is impaired or ex-
hausted (42, 69). Moreover, during primary and chronic infec-
tion, viral escape mutations are often observed as a conse-
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quence of immunological pressure mediated by SIV- and HIV-
specific CD8™" T cells (3, 12, 20, 23, 50). During this process of
viral adaptation, all the previous variants are stored as proviral
DNA (46).

Although current highly active antiretroviral therapy (HAART)
may suppress viral replication and protect against disease pro-
gression, it is unable to eliminate the proviral latent reservoir.
Moreover, as a consequence of low or absent HIV antigenic
stimulation, HIV-1-specific cytotoxic T lymphocyte (CTL) re-
sponses tend to wane during HAART (16, 39). Therapy inter-
ruption invariably results in a viral rebound to pretreatment
levels, indicating that no protective immunity has been built up
during therapy (38). On the other hand, the partial immune
reconstitution, induced by HAART, opens a window of oppor-
tunity to boost T-cell immunity by therapeutic vaccination.
Clearly, it is not sufficient to enhance the response against the
circulating virus. To minimize the risk of escape, it is equally
important that immune responses against the entire latent
reservoir are activated (49).

Dendritic cells (DC) are the most powerful antigen-present-
ing cells (APC) that can stimulate effective immune responses
both in vitro and in vivo (5, 9, 62). In the context of DC-based
immunotherapy, many groups have used DC expressing HIV
antigens (e.g., pulsed with peptides, transduced with different
vectors, or loaded with apoptotic infected cells) to stimulate
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memory (19, 34, 59, 69) or even primary (13, 14, 33, 63, 66, 67)
CD8" T cells in vitro. In vivo, SIV-specific CD8" and CD4™*
T-cell responses were induced in macaques using DC express-
ing SIV antigen (63). Finally, Lu and Andrieu and Lu et al. (36,
37) showed that DC pulsed with chemically inactivated autol-
ogous virus specifically stimulated HIV-specific immune re-
sponses in vitro and in vivo in cells of HIV-1-seropositive
individuals.

Recently, we (47, 48, 61) and others (9, 15, 22, 28, 40, 54, 57)
have shown that transfection with mRNA is more effective
than mRNA lipofection, peptide pulsing, or viral transduction
to generate primary (65) and memory (57) responses. Further-
more, we demonstrated that DC from treatment-naive HIV-
1-seropositive subjects can efficiently be transfected with HIV
gag and env mRNA, derived either from consensus subtype B
or autologous viral or proviral HIV, and that these DC readily
trigger autologous CD4™* and CD8™" T cells to release IFN-y
and IL-2 in a short-term ex vivo enzyme-linked immunospot
(ELISPOT) assay (60).

Our previous study (60) considered only the direct ex vivo
immune responses of untreated HIV-1-seropositive persons,
who have, by definition, a rather damaged immune system
(42). Therefore, with the ultimate aim to develop an immuno-
therapy based on DC, we decided to evaluate the responses of
treatment-naive and HAART-treated HIV-1-seropositive per-
sons after 1 week of stimulation with electroporated DC. Be-
sides IFN-y production, other parameters were also evaluated,
such as a series of other cytokines, measured in various ways
(by ELISPOT, microbead assay, and intracellular cytometry),
and the potential influence of regulatory T cells (Treg) on the
response. Finally, because HIV escapes very easily from the
immune system, we also investigated if it is possible to use
autologous proviral gagg mRNA and to broaden the immune
response.

MATERIALS AND METHODS

Study population. EDTA-anticoagulated blood samples (100 ml) were ob-
tained from 75 HIV-1-seropositive individuals (designated P1 to P75) recruited
at the Clinical Department of the Institute of Tropical Medicine of Antwerp
according to institutional guidelines and after obtaining informed consent. The
demographic and clinical information of these patients is summarized in Table 1.
Seventeen of these HIV-1-seropositve individuals were antiretroviral therapy-
naive (P1 to P17) with a CD4" T-cell count above 300 cells/pl. The other 58
received HAART (P18 to P75) and had an undetectable viral load for at least 1
year and CD4 T-cell counts above 300 cells/pl. HLA typing of some individuals
was done at the Antwerp Blood Transfusion Center.

In vitro generation of MO-derived DC. Peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll-Hypaque gradient separation (Amersham Bio-
sciences, Freiburg, Germany). Monocytes (MO) were isolated from PBMC by
magnetic isolation using CD14 microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. About 8 X 10° to 10 X
10° MO were obtained from 100 X 10° PBMC with consistent purity of more
than 90%. MO-derived immature DC (iDC) were generated as described pre-
viously (51) in RPMI (Cambrex, Verviers, Belgium) supplemented with 2.5%
pooled human serum (PHS), granulocyte-macrophage colony-stimulating factor,
and IL-4. In all experiments, maturation of iDC was induced on day 6 using a
mixture of IL-1B, IL-6, prostaglandin E, and tumor necrosis factor alpha
(TNF-a) as described previously (48). MO-depleted PBMC, further referred to
as peripheral blood lymphocytes (PBL), were cryopreserved (48).

Plasmid DNA constructs. The pPGEM4Z/hHxB-2-gag/A64 plasmid (P GEMhgag),
generated by the Laboratory of Physiology and Immunology in Brussels, was
used to prepare a “humanized” (codon-optimized) mRNA (further referred to as
h-HxB2 gag) encoding the HxB2 HIV-1 Gag protein (10). The original human-
ized cDNA was provided by Bernard Verrier (Biomérieux, Lyon, France).
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Gag from wild-type (wt)-HxB2 was amplified and subcloned in the pGEMA4Z/
A64 vector and used to prepare wt-HxB2 gag mRNA.

Amplification of autologous proviral gag mRNA derived from PBMC. Proviral
DNA was extracted and amplified from 10 X 10° PBMC from HIV-1-seropos-
itive blood donors as described previously (60). Amplified gag DNA products
were purified using a QiaQuick PCR purification kit (Qiagen, Chatsworth, CA),
in vitro transcribed using a T7 mMessage mMachine in vitro transcription kit,
and then polyadenylated using a poly(A) tailing kit (Ambion, Cambridgeshire,
United Kingdom) according to the manufacturer’s instructions. RNA was stored
at —80°C in small aliquots.

Peptides. Peptides corresponding to the Gag sequence of consensus HIV-1
HxB2 were kindly provided by the National Institutes of Health AIDS Research
Reagent Program (NIH, Germantown, MD). These peptides consisted of 15-
mers overlapping by 11 amino acids. For most experiments, all Gag peptides (n =
121) were pooled together (HxB2 Gag peptide pool).

Induction of HIV-1-specific T cells using DC transfected with gag mRNA.
Electroporation of in vitro-transcribed mRNA encoding h-HxB2 gag, wt-HxB2
gag, or autologous proviral gag (aut-gag) was performed as described previously
(48). After electroporation, iDC were cultured in fresh complete medium (in-
cluding 2.5% PHS and cytokines for DC maturation) for 24 h. For T-cell stim-
ulation, transfected mature DC were cocultured with autologous PBL (ratio
1:10) in RPMI supplemented with 2.5% PHS. After 7 days of culture, cells were
always analyzed in IFN-vy, IL-2, and perforin ELISPOT assays (Diaclone, Be-
sancon, France). Briefly, freshly thawed PBL as well as PBL stimulated with
electroporated autologous DC were incubated at a concentration of 2.5 X 10°
cells/well with the Gag peptide pool (2 pg/ml) in anti-human IFN-y, IL-2, or
perforin (Diaclone) antibody-coated 96-well plates. For the detection of spots,
biotin-labeled anti-human IFN-v, IL-2, or perforin was used. Spots were counted
using an automated ELISPOT reader (AID, Strassberg, Germany).

In some experiments CD4" and CD8" T cells were purified from in vitro-
stimulated PBL by positive selection, according to the manufacturer’s instruc-
tions (Miltenyi), and were further analyzed by ELISPOT assay as described
above.

ICS. To evaluate the CD4™ and CD8™ T-cell responses in this system, intra-
cellular cytokine staining (ICS) was performed besides the ELISPOT assay.
Briefly, thawed PBL or PBL stimulated for 1 week with electroporated autologous
DC were incubated at a concentration of 1 X 10° cells/well with the Gag peptide
pool (2 pg/ml), monensin A (5 pg/ml; Sigma-Aldrich, Bornem, Belgium), and
brefeldin A (5 pg/ml; Sigma-Aldrich) for 6 h. An unstimulated and positive
control (Staphylococcus enterotoxin B, 1 wg/ml; Sigma-Aldrich) was included in
each assay. Following incubation, the cells were washed and stained with surface
antibodies CD3 (Pacific Blue) and CD8 (APC-Hy7) (Becton Dickinson, BD
Biosciences, Erembodegem, Belgium). The cells were washed and fixed using the
cytofix/cytoperm kit (BD Biosciences). Following fixation, cells were washed and
incubated for 10 min with perm buffer. Afterward they were stained with anti-
bodies against intracellular markers: IFN-y (phycoerythrin [PE]-cy7), IL-2 (flu-
orescein isothiocyanate), perforin (PE) (BD Biosciences). The samples were
analyzed on a Cyflow ML (Partec GmbH, Miinster, Germany), and data analysis
was performed using FlowJo version 7.2.2 (TreeStar, San Carlos, CA).

Multiplex fluorescent bead immunoassay. In some experiments, 50 ul super-
natant was taken from the ELISPOT assay to measure IFN-vy, IL-1B, IL-2, IL-4,
IL-5, IL-6, IL-8, 1L-10, and IL-12p70 by a multiplex fluorescent bead immuno-
assay, according to the manufacturer’s instructions (Bender Medsystems, Vi-
enna, Austria). Afterward the samples were measured on a FACScan (BD
Biosciences).

Treg immuno-phenotyping and functionality. Phenotyping of naturally occur-
ring Treg was performed on thawed PBL and in vitro-stimulated PBL by four-
color flow cytometry. The following monoclonal antibodies were used: anti-
Forkhead Box P3 (FoxP3) PE, anti-CD25 allophycocyanin (e-Bioscience, San
Diego, CA), anti-CD3 fluorescein isothiocyanate, and anti-CD4 peridinin chlo-
rophyll (BD Biosciences). PBL were first stained with monoclonal antibodies
against surface markers and then subjected to intracellular staining for FoxP3 per
the manufacturer’s directions. Analyses were performed using FACSCalibur and
CellQuest software (BD Biosciences).

In order to assess the role of Treg, CD25" cells were removed from the PBL
using anti-CD25 beads, according to the manufacturer’s instructions (Miltenyi
Biotec). Afterward, unfractionated PBL and CD25-depleted PBL were cocul-
tured with h-HxB2 gag mRNA-electroporated DC (DC h-HXB2 gag). After 1
week, the ELISPOT response and proliferative responses of both PBL popula-
tions toward the HxB2 Gag peptide pool were compared. To measure prolifer-
ation, an [*H]thymidine assay was performed (43).

In addition, blocking experiments were performed to evaluate the role of
potentially inhibitory mediators. Antibodies against IL-10 (10 pg/ml), transform-



TABLE 1. Demographic and clinical data of treatment-naive and HAART-treated HIV-1-seropositive individuals

Actual cell count

. cells/ul Nadir CD4™ T cell Viral load No. of mo since No. of mo on . b
Patient no. (cells/ul count (cells/ul) (copies/ml) diagnosis® HAART Viral subtype
CD4* T CD8* T
P1 348 1,066 348 82,000 17 0 ND
P2 1,186 1,779 714 <50 7 0 ND
P3 770 2,275 744 525,000 11 0 B
P4 283 756 177 46,000 72 0 ND
P5 622 1,726 501 16,700 111 0 ND
P6 390 617 390 130,000 5 0 ND
P7 502 1,065 440 230,000 32 0 ND
P8 394 1,392 96,300 58 0 ND
P9 323 908 184 5,900 25 0 ND
P10 579 1,092 475 56,100 10 0 B
P11 466 1,759 425 84,800 31 0 ND
P12 423 733 423 17,600 12 0 ND
P13 626 1,878 444 6,590 8 0 ND
P14 201 1,692 201 8,470 92 0 ND
P15 595 828 407 17,200 31 0 B
P16 753 1,020 610 1,400 39 0 ND
P17 588 719 444 112,000 19 0 B
P18 359 425 220 <50 98 97 A
P19 1,083 877 211 <50 204 99 A/G
P20 809 2,417 274 <50 143 54 ND
P21 262 676 150 <50 150 136 B
P22 655 585 89 <50 126 124 ND
P23 441 864 49 <50 U 128 C
P24 522 3,325 167 <50 208 180 ND
P25 382 300 40 <50 141 85 H
P26 312 720 205 <50 193 183 B
P27 552 1,357 16 <50 70 68 B
P28 460 2,297 174 <50 207 46 C
P29 429 2,056 91 <50 88 33 B
P30 815 990 277 <50 186 32 B
P31 1,023 1,023 316 <50 119 79 ND
P32 432 445 214 <50 52 51 ND
P33 735 490 283 <50 137 127 ND
P34 499 921 121 <50 115 109 ND
P35 1,106 1,136 207 <50 U 150 D/F
P36 460 1,080 167 <50 46 27 B
P37 387 336 126 <50 64 62 ND
P38 570 668 289 <50 197 120 B
P39 1,475 826 535 <50 132 74 ND
P40 954 619 307 <50 58 55 ND
P41 855 1,054 309 <50 189 95 ND
P42 1,188 764 207 <50 190 171 ND
P43 553 1,107 100 <50 135 63 ND
P44 1,214 2,802 179 <50 187 186 B
P45 306 408 93 <50 U 130 ND
P46 623 2,492 202 <50 148 14 ND
P47 826 1,625 192 <50 64 32 ND
P48 860 980 224 <50 131 74 ND
P49 1,179 1,457 106 <50 171 34 B
P50 986 1,096 292 <50 229 33 D
P51 875 636 429 <50 145 35 ND
P52 312 639 111 <50 46 45 ND
P53 582 1,187 25 <50 148 22 B
P54 533 1,484 240 <50 49 39 ND
P55 579 1,055 265 <50 223 71 ND
P56 314 605 281 <50 43 30 ND
P57 646 1,025 319 <50 197 58 B
P58 820 1,710 232 <50 83 31 ND
P59 703 869 59 <50 216 94 B
P60 675 970 121 <50 117 41 B
P61 492 446 25 <50 111 13 B
P62 962 2,627 315 <50 U 67 A
P63 429 627 20 <50 120 27 A
P64 345 954 142 <50 159 59 A
P65 473 1,112 53 <50 U 98 ND
P66 897 818 80 <50 U 33 ND
P67 400 1,300 267 <50 U 19 ND
P68 588 1,288 109 <50 U 105 ND
P69 1,090 616 248 <50 U 42 ND
P70 931 698 346 <50 202 128 B
P71 528 2,182 68 <50 194 193 D/F
P72 476 527 20 <50 U 119 ND
P73 732 1,586 19 <50 240 205 ND
P74 575 1,878 18 <50 115 114 ND
P75 635 1,117 167 <50 55 50 B

“ U, unknown.
? ND, not determined.
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ing growth factor B (TGF-B) (10 pg/ml; both from Sigma, Bornem, Belgium),
cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) (10 pg/ml; BD Bio-
sciences), or PD-L1 (10 pg/ml; e-Biosciences) were added either during DC-PBL
coculture (induction phase) or during the incubation of stimulated PBL with the
Gag peptide pool in an ELISPOT assay (effector phase).

Epitope mapping. Freshly thawed PBL and PBL stimulated for 1 week with
DC h-HxB2 gag were screened for specific T-cell responses in the IFN-y ELISPOT
assay by incubation with single peptides (10 pg/ml), corresponding to HxB2 p24
peptides 34 to 76. As a positive control, responses toward the pool of all these
p24 peptides and toward the entire Gag pool were also measured.

Statistical analyses. Statistical analysis was performed with SPSS software
(Chicago, IL) or GraphPad Prism software (GraphPad Software, Inc., San Di-
ego, CA). Paired variables were compared using a Kruskal-Wallis test and cor-
rected for multiple comparisons using Dunn’s test, P values of =0.05 were
considered significant. Spearman’s rank coefficient was used to determine the
correlation between two variables.

RESULTS

Codon-optimized HxB2 gag mRNA-electroporated DC effi-
ciently stimulate cytokine secretory capacity by autologous T
cells from treatment-naive and HAART-treated HIV-1-sero-
positive individuals. To investigate if mature MO-derived DC
(MO-DC) from HIV-infected individuals could efficiently ex-
pand autologous effector T cells, we cocultured PBL from 12
treatment-naive (P1 to P12) and from 12 HAART-treated
(P18 to P29) HIV-1-seropositive individuals with either mock-
electroporated or codon-optimized h-HxB2 gag mRNA-elec-
troporated mature DC (DC mock or DC h-HxB2 gag, respec-
tively) for 1 week. Thereafter, these DC-stimulated PBL were
subjected to the ELISPOT assay, using medium only and the
pool of HxB2 Gag peptides in parallel in the same experi-
ments. As a baseline control, PBL from the same patients,
which had been freshly frozen, were thawed after 1 week and
simultaneously assayed with and without Gag peptides (thus
representing day 0 responses). Figure 1 summarizes the results
from all 24 patients. Their freshly thawed PBL showed a sig-
nificant (P < 0.001) IFN-y response upon triggering with a
Gag peptide pool (response on day 0). Further, PBL cocul-
tured with DC h-HxB2 gag induced significantly more IFN-y
spot-forming cells (SFC) compared to either freshly thawed (P
< 0.05) or DC mock-stimulated day 7 PBL (P < 0.05). Re-
markably, the PBL response to Gag peptides after 7 days of
coculture with DC mock remained unchanged compared to the
day 0 PBL response (Fig. 1). A very similar picture was ob-
served in IL-2 and perforin ELISPOT assays (data not shown).
In all experiments, these controls were carried out, showing
very similar results. To avoid overloaded figures, only the re-
sponses to HxB2 Gag peptides in freshly thawed PBL (day 0)
and in PBL after coculture with gag mRNA-electroporated DC
(day 7) are shown.

Next, all day 0 and day 7 responses of PBL from the 12
treatment-naive individuals (P1 to P12) were compared to
those of the 12 HAART-treated individuals (P18 to P29) in
ELISPOT assays for IFN-y (Fig. 2A and B), IL-2 (Fig. 2C and
D), and perforin (Fig. 2E and F). As can be seen in Table 1,
these two patient groups were carefully matched for absolute
CD4™" T-cell count (P = 0.9). The results depicted in Fig. 2
show that DC h-HxB2 gag induced an expansion of responding
PBL from most treatment-naive and HAART-treated individ-
uals. The responses of freshly thawed PBL as well as the
responses after 1 week of stimulation with DC to the Gag
peptide pool were similar in HAART-treated and treatment-
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FIG. 1. Induction of HIV-1 Gag-specific T-cell responses by autol-
ogous DC, electroporated with codon-optimized HxB2 gag mRNA
from chronically HIV-1-infected subjects. The graph shows the box
plots of IFN-y SFC per 10° PBL from 24 chronically HIV-1-infected
individuals, including 12 treatment-naive (P1 to P12) and 12 HAART
(P18 to P29) patients. Freshly thawed PBL were incubated in IFN-y
ELISPOT assays with medium only or with the HxB2 Gag peptide pool
(day 0 coculture, absence of DC [—] or HxB2 Gag pool, absent [—] or
present [ +], respectively). The other thawed PBL were first stimulated
for 1 week with autologous DC mock or h-HxB2 gag-electroporated
DC (DC h-HxB2 gag). Afterward, these DC-stimulated PBL were
restimulated in ELISPOT assays with either medium or the HxB-2 Gag
peptide pool (day 7: HxB2 Gag pool, — or +). The horizontal lines
within the boxes indicate the median SFC values, the boxes’ top and
bottom borders represent the 25th through 75th percentiles, and the
vertical lines end at the 10th and 90th percentiles. The P values of
statistically significant differences between groups are indicated as P <
0.05 (*), P = 0.01 (**), and P = 0.001 (**x*).

naive individuals (P > 0.4 for IFN-y and P > 0.3 for perforin).
However, IL-2 SFC levels after DC stimulation were signifi-
cantly higher in PBL from HAART-treated than those in PBL.
from treatment-naive individuals (P < 0.02).

A closer look at day 0 IFN-vy responses reveals a bimodal
distribution, in that 5 out of 12 of therapy-naive individuals and
4 out of 12 of HAART-treated individuals had clearly higher
amounts of IFN-y SFC triggered. Interestingly, three out of
these five and two out of these four, respectively, also had
higher IL-2 and perforin ELISPOT assay responses. However,
clear correlations between results from the ELISPOT assay, on
one hand, and viral load, absolute CD4", and CD8" T-cell
count at the time of blood drawing or nadir CD4™" T-cell count,
on the other hand, could not be found, either by performing
Spearman’s rank testing on the entire therapy-naive and
HAART-treated groups or by comparing the subgroups with
initially high or low responses.

This first set of experiments demonstrates that it is possible
to amplify responses to Gag peptides in PBL from both ther-
apy-naive and HAART-treated HIV-1-infected individuals, us-
ing autologous mature MO-DC electroporated with h-HxB2
gag mRNA.

Evaluation of additional DC-induced cytokines in PBL, us-
ing multiplex fluorescent bead immunoassay. Because IFN-v,
IL-2, and perforin do not provide a complete picture of T-cell
function (25, 70), other cytokines that are secreted during the
restimulation of DC h-HxB2 gag-expanded PBL were also
measured. This was done for 12 therapy-naive patients (P2 to
P8, P10, P12 to P14, and P17) and 13 HAART-treated (P18 to
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FIG. 2. Secretion of IFN-vy, IL-2, and perforin by DC h-HXB2 gag-induced HIV-1-specific T cells from therapy-naive versus HAART patients.
Summary of HIV-1 Gag-specific IFN-y (A and B), IL-2 (C and D), and perforin (E and F) ELISPOT assays triggered in the direct ex vivo
ELISPOT (day 0) or induced after 1 week of in vitro stimulation with DC h-HxB2 gag in 12 treatment-naive (P1 to 12; panels A, C, and E) and
12 HAART-treated (P18 to 29; B, D, and F) HIV-1-infected individuals whose absolute CD4* T-cell counts/p.l blood matched. The horizontal lines
indicate the geometric mean SFC values. The P values of statistically significant differences between day 0 and day 7 responses are as indicated

in the legend for Fig. 1.

20, P22 to P26, P28, and P30 to P33) HIV-1-seropositive indi-
viduals. Depending on availability, supernatants from either
the IL-2 (19 cases) or IFN-y (6 cases) ELISPOT assays were
used. IFN-y in the supernatants correlated (R = 0.8; P <
0.001) with the amount of SFC detected in the IFN-y ELISPOT
assays (Fig. 3A), confirming the reliability and sensitivity of the
fluorescent bead assay.

Whereas in none of the cultures could IL-12p70, IL-4, or
IL-5 be detected, IL-8 was secreted by PBL from all individuals
in massive amounts (Fig. 3B). IL-10, IL-1-8, TNF-«, IL-6, and
TNF-B were secreted by 12 donors out of 25 in measurable and
variable amounts (Fig. 3C). Figure 3D summarizes the number
of cytokines (besides IL-8) that were secreted by PBL from
each donor. No significant differences in the numbers of cyto-

kines produced were found between therapy-naive and
HAART-treated patients, and the number of cytokines pro-
duced did not correlate with viral load, absolute CD4* and
CD8™" T-cell count, or nadir CD4™ T-cell count.

Clearly, at least in some individuals, coculturing PBL with
h-HxB2 gag DC resulted in the capacity to secrete several
cytokines, but no significant qualitative or quantitative differ-
ences in secreted cytokines were observed between PBL from
therapy-naive and HAART-treated individuals.

Induction of CD4* and CD8™" T-cell responses using HxB2
gag mRNA-electroporated DC. Since both CD4™ and CD8* T
cells are presumed to be important for protective immune
responses (44), it was analyzed if DC h-HxB2 gag could induce
responses in both T subsets from treatment-naive (P15 and
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FIG. 3. Production of various cytokines by DC h-HxB2 gag-induced PBL from therapy-naive and HAART patients. The supernatants of the
ELISPOT assays from DC h-HxB2 gag-stimulated PBL, restimulated with the Gag peptide pool, were used to perform the cytometric bead assay.
Cells from 13 HAART-treated HIV-1-seropositive subjects (P18 to 20, P22 to P26, P28, and P30 to P33 [black squares]) and 12 therapy-naive
HIV-1-seropositive subjects (P2 to P8, P10, P12 to P14, and P17 [open squares]) were used. (A) The number of IFN-y SFC in the ELISPOT assay
(v axis) correlates with the concentration of IFN-y secreted in the supernatant measured by cytometric beads (x axis; in pg/ml). (B) Secretion of
IL-8 in pg/ml. (C) Secretion of IL-6, IL-10, TNF-a, TNF-B, and IL-1B. (D) The number of cytokines secreted by cells from each HIV-1-seropositive
individual. HAART-treated individuals are represented by black bars, and treatment-naive individuals are represented by white bars.

P16) and HAART-treated individuals (P32 to P35 and P70 to
P72). After coculture with DC, a part of the PBL was restim-
ulated with the peptide pool and intracellularly stained for
IFN-y, IL-2, and perforin. From the other part, CD4" and
CD8™" T cells were isolated by positive magnetic selection and
separately restimulated with the peptide pool in ELISPOT
assays. Comparing both assay results reveals that CD4™ T cells
contained and produced IFN-y, IL-2, and perforin (Fig. 4A
and C), whereas CD8™ T cells also contained IFN-y, IL-2, and
perforin but secreted only IFN-y and perforin (Fig. 4B and D).
Further, after 1 week of stimulation with DC and restimulation
with peptide pool, a small fraction of T cells were bifunctional,
and this was most pronounced in the CD4 ™" T cells. These data
indicate that h-HxB2 gag mRNA-electroporated DC result in
both class I and class II restricted immune responses but with
some differences in cytokine profiles between the CD4 and
CD8 responses.

Influence of Treg and PD/PD-L1 interaction on DC-induced
immune responses. In a myeloma tumor model, similarly gen-
erated DC were shown to increase the frequency of functional
Treg, defined as CD4" CD25" FoxP3™ T cells, which were
able to effectively suppress T-cell responses (6). In our system,
we also observed that the frequency of cells with the Treg
phenotype increased during coculture by an average of 10% in
all experiments (Fig. 5A). Since these presumed Treg obvi-
ously did not completely prevent the expansion of HIV-1-
specific T cells, it was investigated to what extent they were
truly functional as negative regulators.

First, the effect of in vitro CD25" cell depletion before
coculture on proliferative and Gag-specific responses was ex-
amined in PBL from patients under HAART (P36 to P40 and
P73 to 75). Using a standardized CD25 depletion kit, a 20-fold
reduction in the frequency of CD25-expressing CD4™ T cells
to less than 0.5% of PBL was obtained. Afterward, CD25%
cell-depleted PBL and unfractionated PBL were cocultured
with DC h-HxB2 gag in parallel experiments. After 1 week, the
frequency of Treg was increased in both cultures (8.2% in
unfractionated and 4.2% in CD25" cell-depleted PBL). How-
ever, the increase of IFN-y SFC (Fig. 5B) and the proliferation
rate (Table 2) after DC stimulation were rather similar in
CD25™ cell-depleted PBL and in unfractionated PBL.

In order to determine whether cells with the Treg phenotype
and/or a related suppressive mechanism were operational, neu-
tralizing antibodies against mediators of suppressors were
added during the coculture (Fig. 5C and D, induction phase) or
during the ELISPOT assay (Fig. SE and F, effector phase).

As shown in Fig. 5C and D, DC-stimulated PBL responded
to Gag peptide pool restimulation with 1,022 IFN-y and 199
IL-2 SFC (geometrical mean value) in the absence of blocking
antibodies. When anti-CTLA-4 or anti-IL-10 had been added
during coculture, similar numbers of SFC were obtained. In
contrast, the numbers of SFC induced after the addition of
anti-TGF-B (1,232 IFN-y [P = 0.07] and 218 IL-2 SFC [P =
0.06]) or anti-PD-L1 (1,651 IFN-y [P = 0.002] and 260 IL-2
SFC [P = 0.01]) were higher than the control values, but the
difference was only statistically significant with anti-PD-L1.
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FIG. 4. Induction of HIV-1-specific CD4"- and CD8*-mediated T-cell responses by DC h-HxB2 gag. PBL from HIV-infected subjects were
cocultured with autologous DC h-HxB2 gag for 1 week. Afterward, from one part of the PBL, CD4" (A) and CD8" (B) T cells were isolated and
restimulated with the Gag peptide pool in IFN-vy, IL-2, and perforin ELISPOT assays. The resulting levels of IFN-y, IL-2, and perforin SFC per
million responder cells are shown for CD4* (A) and CD8" (B) T cells. The experiments were done for seven HAART-treated individuals (P15
to 18 and P70 to P72 [black squares]) and for two treatment-naive individuals (P62 and P63 [open squares]). The other part of the PBL were left
unfractionated, similarly restimulated with a Gag peptide pool, and stained intracellularly for IFN-y, IL-2, and perforin (P70 to 72). The CD4*
(C) and CD8" (D) T-cell response to Gag is composed of multiple functional subpopulations. Underneath the graph, the respective (combinations
of) functions are shown (dots denote IFN-y, IL-2, and/or perforin positivity). The bars in the graph represent the percentages of positive cells
within the CD4 and CD8 T cells. White bars are for P72, black bars for P71, and striped bars for P72.

Adding the same blocking antibodies during the effector phase
(P46 to P48) clearly failed to improve IFN-y and IL-2 re-
sponses, as shown in Fig. 5SE and F.

These experiments indicate that stimulation with DC results
in an increase of CD4" T cells with a Treg phenotype but
without a clear suppressive function, in either the induction or
the effector phase. Our results confirm, however, that PDL-1-
PD-1 interaction has a negative effect during the induction
phase.

Epitope mapping suggests broadening of the T-cell response
after stimulation with gag mRNA-electroporated DC. Of all
HAART-treated individuals included in this study, seven who
are infected with HIV-1 subtype B and seven infected with
nonsubtype B turned out to have matching absolute amounts
of CD4" T-cell counts. In these 14 individuals, we compared
the IFN-vy responses in freshly thawed and in DC h-HxB2
gag-cocultured PBL. Unexpectedly, there was no difference
between subtype B and nonsubtype B individuals. A tentative
explanation for the remarkably good response in PBL from
nonsubtype B-infected patients could be that, besides an ex-
pansion of preexisting Gag-specific T-cell clones, a broader
immune response is also induced with gag-electroporated DC.

To investigate this hypothesis, six HAART patients, three
infected with HIV-1 subtype B (P59 to P61) and three with
subtype A (P62 to P64), were selected for measurements of
IFN-y T-cell responses against single peptides of p24 (peptides
34 to 76), which contain the highest CD8 T-cell epitope density

(2, 8). IFN-y SFC against individual and pooled peptides were
assessed in nonstimulated PBL and DC h-HxB2 gag-stimulated
PBL side by side. Positive responses were defined as explained
in the legend for Fig. 6, based on reference 48. According to
these stringent criteria, nonstimulated PBL sometimes failed
to respond to any of the single peptides of Gag p24, although
an initial response (usually small) to the pools of p24 and Gag
peptides was always present. These limited baseline responses
corresponded to known epitopes associated with respective
HLA types (Los Alamos database). Conversely, after 1 week of
stimulation with gag mRNA-electroporated DC, PBL from all
patients showed clear-cut responses against several epitopes.
Not surprisingly, preexisting (day 0) responses against single
peptides were always amplified after 1 week of DC stimulation.
Importantly, however, DC stimulation also induced SFC
against peptides which were below the detection limit at day 0,
apparently including epitopes not previously associated with
the HLA type. For example, P60 triggered responses against
peptides 41 to 42, related to Cw*01, and against peptides 64 to
65, related to B*08, in freshly thawed PBL. After stimulation
with DC, SFC against the same peptides were amplified, and
responses were induced against additional peptides, i.e., 46 to
49, 54 to 63, and 69 to 76, which were not known to be
associated with these HLA alleles (Fig. 6B). Clearly, DC elec-
troporated with h-HxB2 gag mRNA result in an apparently
broader immune response.
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FIG. 5. Investigation of the potential role of Treg as mediators of suppression. (A) Increase of Treg phenotype during coculture. The frequency
of CD25" FoxP3™ cells was assessed within the CD3* CD4™" T cells by fluorescence-activated cell sorter on nonstimulated PBL (day 0) and on
PBL that were stimulated for 1 week with DC h-HxB2 gag (day 7). The experiments were done for HAART patients P41 to P48 and P65 to P69.
(B) Effect of preliminary removal of CD25" cells. Complete PBL or CD25" cell-depleted PBL were cocultured with autologous DC h-HxB2 gag.
After 1 week, the PBL were restimulated with the Gag peptide pool in an IFN-y ELISPOT assay. As a control, freshly thawed PBL and CD25"
cell-depleted PBL (PBLCD25-) from the same patients, not cocultured with DC (indicated as absence [—] of coculture), were directly incubated
in ELISPOT assays in parallel experiments. The experiments were done for HAART patients P36 to P40. The horizontal lines indicate the mean
SFC values. (C and D) Effect of antibodies against mediators of suppression during the induction phase. PBL were cocultured for 1 week with
autologous DC h-HxB2 gag in the absence (-) or presence of antibodies against CTLA-4, IL-10, TGF-B, or PD-L1. Afterward, PBL were
restimulated with the Gag peptide pool in IFN-y (C) or IL-2 (D) ELISPOT assays in the absence of antibodies. As a control, non-DC-stimulated
PBL were directly incubated in ELISPOT assays in parallel experiments. In the graph, the levels of IFN-y SFC per million responder cells are
shown. The experiments were done for HAART patients P41 to P45 and P65 to 69. The horizontal lines indicate the mean SFC values
induced. (E and F) Effect of antibodies against mediators of suppression during the effector phase. DC h-HxB2 gag were cocultured for 1
week with autologous PBL. Afterward, the PBL were restimulated with the HxB2 Gag peptide pool in an IFN-y (E) or IL-2 (F) ELISPOT
assay in the absence (-) or presence of antibodies against CTLA-4, PD-L1, IL-10, or TGF-B. The experiments were done for HAART
patients P46 to P48. The horizontal lines indicate the mean SFC values. Horizontal lines are geometrical mean values. The P values are as
indicated in the legend for Fig. 1.

Stimulatory capacity of autologous proviral gag mRNA-elec-
troporated DC versus wt-HxB2 gag mRNA-electroporated DC
toward T cells from HAART-treated individuals. Previously,

TABLE 2. HIV Gag-specific proliferative responses* we showed that autologous viral as well as proviral-derived gag

PBL (cpm) CD25-depleted PBL (cpm) mRNA DC from treatment-naive HIV-1-infected persons

Patient no. . . > . . . .
- DC h-HxB2 gag - DC h-HxB2 gag r(.eadlly triggered IFN-y- and IL-2 s'ecretu?g T cc?lls in direct ex
vivo ELISPOT assays (60). Here it was investigated whether
E;i ;gg 1}5;3 58 Zézg DC, from HAART-treated HIV-1-infected persons, electropo-
P75 263 4: 471 444 5:332 rated with autologous proviral gag mRNA could increase the

level of IFN-y-, IL-2-, and perforin-secreting T cells (P49 to
P57). For comparison in this particular set of experiments, the
“wt” (i.e., not codon-optimized) HxB2 was used, because the

“ Freshly thawed unfractionated PBL or CD25-depleted PBL were cocultured
for 1 week alone (—) or with h-HxB2 gag mRNA-electroporated DC (DC
h-HxB2 gag). The last day of the coculture, [*H]thymidine was added.
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FIG. 6. Epitope mapping of p24 in nonstimulated and DC h-HxB2 gag-stimulated PBL. Freshly thawed PBL (black bars) or PBL cocultured
for 1 week with DC h-HxB2 gag (white bars) were stimulated with single peptides representing p24 (34 to 76) or with the pool of peptides
encompassing whole p24 (p24) or whole Gag (Gag). The first peptide is number 34 (PIVONLQGQMVHOQALI), and the last one is 76 (YKTLR
AEQASQEVKN). A positive response was defined as a minimum of 50 SFC/million responder cells, a ratio of a minimum of 4 between the
responses of T cells stimulated with DC mock and with DC h-HxB2 gag, and in addition, more than three times the standard deviation above the
mock-stimulated mean. This experiment was done for six HAART donors (P59 [A], P60 [B], P61 [C], P62 [D], P63 [E], and P64 [F]).

gag sequence of the autologous virus is also “wt.” Clearly, as
shown in Fig. 7, PBL specifically stimulated with either wt-
HxB2 or autologous proviral gagg mRNA and restimulated with
the Gag peptide pool showed increased IFN-y (P > 0.05 and
P < 0.05, respectively) and IL-2 (P < 0.05 and P < 0.01,
respectively) SFC compared to freshly thawed PBL directly
stimulated with the peptide pool. The response of perforin
SFC was not significantly increased. The geometric mean in-
creases of the responses after coculture with autologous gag
mRNA compared to those after coculture with wt-HxB2 gag
mRNA were slightly (but not significantly) higher for IFN-y
(10.4 versus 5.0) and IL-2 (4.4 versus 2.9) but not for perforin
(1.2 in both cases).

DISCUSSION

In the present work, in vitro proof of principle is provided
for the use of gag mRNA-electroporated mature MO-DC as a
possible strategy to improve T-cell immunity under HAART.
In agreement with the literature, only low levels of IFN-y and
perforin were triggered and no IL-2 was triggered with Gag
peptides during a direct ex vivo ELISPOT assay of PBL from
most chronically infected individuals, irrespective of whether
they were treatment naive or successfully HAART treated (31,
64). However, after 1 week of stimulation with consensus B gag
mRNA-electroporated DC, PBL from both groups responded
with high numbers of IFN-y, IL-2, and perforin SFC. This
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FIG. 7. HIV-specific T cells can be expanded by autologous proviral gag mRNA-electroporated DC. MO-DC from nine HIV-1-seropositive
subjects under HAART (P49 to 57) were electroporated with mRNA encoding wt-HxB2 (DC HxB2 gag) or autologous proviral gag (DC aut gag).
These DC were matured and cocultured for 1 week with autologous PBL. Afterward, these PBL were stimulated with the HxB2 Gag peptide pool
(day 7), and their responses were compared with those of freshly thawed PBL directly stimulated with the HxB-2 Gag peptide pool (day 0). The
results are shown as individual data points representing the proportion of PBL from that person that secrete IFN-y (A), IL-2 (B), or perforin (C).
The P values of statistically significant differences between groups are as indicated in the legend for Fig. 1.

result is encouraging since it shows that, besides the easily
triggered IFN-v, important regulatory cytokines, such as IL-2,
and the lytic capacity (perforin) can be enhanced by gag
mRNA-electroporated DC. Although the IFN-vy and perforin
responses in HAART and treatment-naive patients were com-
parable, the amount of IL-2-secreting T cells was significantly
higher in HAART-treated individuals, implying that prolifer-
ative responses may be restored to a larger extent in the
treated group.

Both CD8* and CD4™" T cells from the infected individuals
responded to DC-mediated induction, pointing to efficient
class I and II presentation, even in the absence of additional
major histocompatibility complex class II targeting. As shown
previously, gag mRNA-electroporated DC efficiently secrete
Gag p24 protein, which might be processed through the exog-
enous class II pathway (65, 60). In view of further therapeutic
applications, it is encouraging that CD4™ T cells could effi-
ciently be induced by DC to produce IFN-y, perforin, and
especially IL-2, since vigorously proliferating and type 1 cyto-
kine-secreting memory CD4™ T cells are needed to support
protective HIV-specific CTL (44).

Besides IFN-y and IL-2, other cytokines play an important
role in HIV-specific immune response (4, 27, 45). Recently,
Betts et al. demonstrated an association between polyfunc-
tional T-cells and the “elite controller” status (7). Whereas
Betts et al. measured the expression of multiple cytokines and
effector molecules directly ex vivo by intracellular staining, we
examined T-cell functionality after 1 week of DC stimulation in
three complementary ways. Besides the ELISPOT, measuring
the frequency of T cells secreting particular individual factors
(IFN-vy, IL-2, and perforin), we used multiparametric flow cy-
tometry to evaluate the intracellular production of the same

factors and a cytometric bead assay to measure additional
cytokines in the supernatant. Obviously, gag mRNA-electro-
porated DC induction, combined with Gag peptide restimula-
tion, resulted in the production of several cytokines in PBL
from our population of chronically infected individuals, who
failed to spontaneously control the virus. Interestingly, in the
PBL of two HAART-treated persons who showed significant
direct ex vivo IFN-vy, IL-2, and perforin ELISPOT responses,
DC induction resulted in cells that secreted seven or eight
cytokines after restimulation, as evaluated by the cytometric
beads. Moreover, comparing ELISPOT and ICS results at the
T-cell subset level, indicated that gagg mRNA DC-stimulated
CD4™" T cells produce and secrete all three studied factors
(IFN-y, IL-2, and perforin), with some evidence of bifunction-
ality (IL-2 and perforin coexpression) at the single-cell level.
However, gag mRNA DC-stimulated CD8" T cells from HIV-
infected subjects failed to secrete IL-2, although it was present
intracellularly, pointing to a selective secretion defect. In gen-
eral, it seems promising that our gagg mRNA DC induce T cells
that can secrete several cytokines, although true polyfunction-
ality at the single-cell level was limited.

Besides h-HxB2 gag mRNA-electroporated DC, DC electro-
porated with wt-HxB-2 gag mRNA or autologous proviral gag
mRNA were also able to efficiently induce T cells to secrete
IFN-vy, IL-2, and perforin. Importantly, the responses induced
with autologous proviral gagg mRNA DC were comparable with
those induced by HxB2 gag mRNA, confirming extensive cross-
reactivity between autologous and consensus subtype B se-
quences. Furthermore, from our previous work, it is known
that the transcribed autologous proviral gagg mRNA reflects a
spectrum of quasispecies (60), which is important to induce a
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broad enough response to cover the endogenous repertoire
and to possibly prevent escape.

In the same context, it is shown here that the induction of T
cells with consensus B gagg mRNA DC not only resulted in the
expansion of preexisting clones but also increased the breadth
of the response, even in three donors infected with subtype A.
This is in accordance with a recent study showing extensive
cross-reactivity among subtypes A, B, and C in untreated
HIV-1 infected individuals (24). Furthermore, we also demon-
strate that after 1 week of DC stimulation, responses were
induced toward epitopes that were previously not known to be
restricted by the particular HLA molecules of the respective
patients. Presumably this is because the previously described
associations were performed in direct ex vivo ELISPOT assays
(21, 30), whereas we included an induction phase with electro-
porated DC. The use of transfected DC is probably responsible
for the broadening of the immune response, because they
present epitopes other than DC that take up antigen via the
normal way. These transfected DC that present other epitopes
can be responsible for the priming of new T cells or, probably
more likely, for strongly increasing the frequency of T cells that
on day 0 (corresponding to direct ex vivo) remained below the
detection limit. All these results are encouraging, because if
they can be reproduced in vivo, virus escape after treatment
interruption might become more difficult.

The exact role of Treg in HIV remains controversial. They
could be detrimental by impairing T-cell responses, thus facil-
itating viral persistence, or conversely, rather protective by
limiting immune hyper-activation (56). Moreover, the PD-1/
PD-L1 or -L2 pathway may also constitute a negative regulator
of HIV-specific immune responses, but again, the exact impor-
tance of this pathway remains to be clarified (29). Studies in
regular PBMC cultures from HIV-1 untreated and treated
individuals have shown that the “natural Treg” exert suppres-
sive activity on the proliferation of T cells triggered by p24
protein (1, 18, 31, 64). However, recently Kinter et al. showed
that Treg suppression was much more pronounced in cultures
from LTNP than in those from progressors (31). Moreover,
Banerjee et al. (6) pointed out that inflammatory cytokine-
treated MO-DC (generated similarly in our study) are the most
effective Treg inducers in vitro (even in CD25" cell-depleted
PBL) and that DC-induced Treg from both healthy donors and
myeloma patients effectively suppressed T-cell responses in
allogeneic mixed leukocyte reactions.

In our present study, 1 week of stimulation with DC also
increased the frequency of cells with a Treg phenotype. To
identify the role of Treg in our system, depletion and blocking
experiments were done. In contrast to the findings mentioned
above, natural Treg depletion failed to enhance subsequent
proliferative T-cell responses in our model. Of note also, all
our patients were chronic progressors under treatment, a pop-
ulation that has not yet extensively been studied with regard to
Treg. Secondly, the effect of induced Tregs was determined by
adding neutralizing antibodies against CTLA-4, IL-10, and
TGF-B. Blocking these presumed Treg mediators (26) did not
significantly improve the effector T-cell function either, sug-
gesting that induced CD25% FoxP3" CD4" T cells lack a
suppressive function during DC-mediated T-cell stimulation.

Recently, several groups showed that PD-1 was upregulated
on PBMC from treatment-naive HIV-1 infected individuals
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and that blocking the PD-1/PD-L1 pathway partly restored the
effector function (17, 68). In addition, it was found that the
expression of PD-L1 remained elevated on cells from
HAART-treated HIV-1-infected individuals (52), whereas the
PD-1 level was not different on those from LTNP (58, 68). In
our model, a significant but limited improvement of effector
function was observed if anti-PD-L1 was present during the
induction phase.

In conclusion, we show that DC from HAART-treated in-
dividuals, electroporated with gag mRNA, efficiently expand
HIV-specific T cells that secrete IFN-y, IL-2, perforin, and
other cytokines. This strategy induces not only CD8" T cells
but also CD4™" T cells, which selectively secrete IL-2, and some
degree of bifunctionality. Although there is an accumulation of
CD4™" T cells with a Treg phenotype, they apparently did not
suppress the response, but blocking the PD-1/PD-L1 pathway
slightly improved effector functions. Consensus B (h-HxB2)
gag mRNA-electroporated DC could induce T cells from pa-
tients infected with either subtype B viruses or non-B viruses to
respond to a broader repertoire of HIV-1 epitopes compared
to ex vivo freshly thawed T cells. Moreover, mRNA derived
from autologous provirus could also be efficiently used to in-
duce T-cell responses. All these results together open perspec-
tives for the development of an immunotherapy in HIV-in-
fected individuals under HAART based on DC electroporated
with mRNA encoding Gag and possibly other viral proteins,
derived from either consensus or autologous proviral se-
quences.
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