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CD8* T cells are major players in the
immune response against HIV. However,
recent failures in the development of
T cell-based vaccines against HIV-1 have
emphasized the need to reassess our
basic knowledge of T cell-mediated effi-
cacy. CD8* T cells from HIV-1-infected
patients with slow disease progression
exhibit potent polyfunctionality and HIV-
suppressive activity, yet the factors that
unify these properties are incompletely
understood. We performed a detailed

study of the interplay between T-cell func-
tional attributes using a bank of HIV-
specific CD8* T-cell clones isolated in
vitro; this approach enabled us to over-
come inherent difficulties related to the in
vivo heterogeneity of T-cell populations
and address the underlying determinants
that synthesize the qualities required for
antiviral efficacy. Conclusions were sup-
ported by ex vivo analysis of HIV-specific
CD8* T cells from infected donors. We
report that attributes of CD8* T-cell effi-

cacy against HIV are linked at the level of
antigen sensitivity. Highly sensitive CD8*
T cells display polyfunctional profiles and
potent HIV-suppressive activity. These data
provide new insights into the mecha-
nisms underlying CD8* T-cell efficacy
against HIV, and indicate that vaccine
strategies should focus on the induc-
tion of HIV-specific T cells with high
levels of antigen sensitivity to elicit
potent antiviral efficacy. (Blood. 2009;
113:6351-6360)

Introduction

CD8* T cells are essential for effective immunity against HIV-1,
and the induction of such responses using vaccines has become a
major objective in the strategy to halt the pandemic.! However, the
recent outcome of the Merck STEP study, the most ambitious trial
of an anti-HIV T cell-based vaccine conducted to date, has been a
major disappointment.?> Despite its immunogenicity, the vaccine
failed both to prevent infection of vaccinated volunteers at high risk
of acquiring HIV and to reduce viral load set points in infected
vaccinees. This failure has roused the scientific community to step
back and reconsider its basic knowledge of T cell-mediated
efficacy.>* Indeed, consensual opinion is that our general
understanding of T-cell efficacy in HIV-1 infection is actually
still limited, which represents a clear obstacle to the design of

successful vaccines.
Over recent years, qualitative attributes of CD8" T cells have

increasingly become the focus of attempts to identify reliable
correlates of immune protection against HIV. Among these,
polyfunctionality® and HIV-suppressive activity® have been associ-
ated with spontaneous control of HIV infection and slower disease
progression rates in infected patients. Of note, polyfunctionality is
currently seen as the best correlate of T-cell efficacy measurable
directly ex vivo.” Polyfunctional CD8" T cells are those that
exhibit multiple effector functions (ie, degranulation and produc-
tion of antiviral factors) simultaneously upon antigen encounter;
this can be assessed after stimulation with cognate peptides by
multiparametric flow cytometry (eg, mobilization of CD107 and
intracellular production of interferon [IFN]—y, tumor necrosis

factor [TNF]—«, interleukin-2 [IL-2], and macrophage-inflammatory
protein [MIP]-1B).> HIV-suppressive activity reflects the capacity
of HIV-specific CD8" T cells to eliminate HIV-infected targets via
classical class I major histocompatibility complex (MHC)-
restricted cytotoxic lysis.®® It can be assessed using primary
CD4* T cells infected in vitro with HIV in the presence of
HIV-specific CD8" T cells. However, although consistent qualita-
tive properties generally identify HIV-specific CD8* T-cell popula-
tions that are associated with lower HIV replication rates, the issue
of cause and effect remains difficult to determine in ex vivo studies.
Furthermore, the factors that link these functional outcomes are not
well defined.

We recently reported that, in addition to polyfunctional
profiles, HIV-specific CD8* T cells that are associated with
superior control of HIV-1 replication display high levels of
antigen sensitivity.” Based on these observations and a review of
the literature, we proposed that antigen sensitivity may be an
important facet of T-cell efficacy in HIV infection.!® However,
contrasting data have been reported. For instance, it was
recently suggested that HIV-specific CD8" T cells with polyfunc-
tional profiles are actually those that display low, rather than
high, levels of antigen sensitivity.!! Moreover, CD8* T-cell
polyfunctionality has been shown to depend inversely on HIV
load;!'%13 such observations suggest that polyfunctionality is a
consequence of low antigen levels rather than the cause of
improved viral containment.

Submitted February 19, 2009; accepted April 15, 2009. Prepublished online as
Blood First Edition paper, April 23, 2009; DOI 10.1182/blood-2009-02-206557.

The online version of this article contains a data supplement.

BLOOD, 18 JUNE 2009 - VOLUME 113, NUMBER 25

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

6351

20z aunr g0 uo 3sanb Aq Jpd'L.G£900605208UZ/E6.L0LEL/LGEY/ST/E L L/Pd-aIo1E/POO|qARU SUOREDGNdYSE//:d]IY WOl papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2009-02-206557&domain=pdf&date_stamp=2009-06-18

6352  ALMEIDAet al

Virus-specific CD8* T cells differ with respect to many param-
eters, including (1) intrinsic factors, such as human histocompatibil-
ity leukocyte antigen (HLA) restriction, target antigen, and T-cell
receptor (TCR); and (2) ontogenetic factors, such as replicative
history, differentiation status, and activation profile. Each of these
parameters is known to affect T-cell properties directly and may
influence the control of HIV-1 replication. This heterogeneity in the
nature and environment of individual CD8* T cells is a substantial
obstacle to the deconvolution of functional complexity in relation
to the control of HIV-1 replication; it may also explain the
contrasting findings in the literature, and hence, the current
confusion regarding the determinants of CD8" T-cell efficacy. To
overcome this issue and investigate the relationship between
different functional attributes associated with T-cell efficacy in
HIV-1 infection, we established a controlled system using HIV-
specific CD8" T-cell clones isolated in vitro; importantly, all of
these clones were specific for the same HIV-derived epitope (p24
Gag KK10; residues 263-272) and restricted by the same HLA
class I molecule (HLA B*2705). This approach allowed direct
comparison of the functional properties of individual CD8* T-cell
clonotypes, which represent the fundamental units of T-cell immu-
nity, in the setting of a fixed antigen target and comparable
activation status. The principal finding of these studies, supported
by ex vivo observations, was that CD8* T-cell polyfunctionality
and HIV-suppressive activity are directly linked to the level of
antigen sensitivity.

Methods

Patients

Samples were obtained from HIV-1-infected patients enrolled in the French
Agence Nationale de la Recherche sur le SIDA (ANRS) ALT'" and
IMMUNOCO" Cohorts. Antiretroviral therapy-naive patients during the
chronic phase of infection, with CD4 counts greater than 400 cells/mm?,
no clinical symptoms, and plasma viral load ranging from 200 to
350 000 copies of HIV-1 RNA/mL, were selected for the study. The study
was approved by the relevant local institutional (at the Hospital Pitié
Salpétriere) review board and ethics committee, and informed consent was
obtained in accordance with the Declaration of Helsinki. Peripheral blood
mononuclear cells (PBMCs) were separated from citrate anticoagulated
blood and cryopreserved for subsequent studies. HLA genotyping was
carried out by amplification refractory mutation system—polymerase chain
reaction (PCR) using sequence-specific primers, as previously described.!'
HLA-genotyped patients were screened for HIV-specific CD8" T-cell
responses with IFN-y enzyme-linked immunospot (ELISPOT) assays using
a panel of 49 known HLA class I-restricted viral epitope peptides to
identify the immunodominant response in each donor.

Isolation and expansion of HIV-specific CD8* and CD4+ T-cell
clones

HIV-specific CD8% T-cell clones were isolated from PBMC samples
obtained from 3 HLA B*2705% patients infected with HIV-1. Single
KK10/HLA B*2705 tetramer™ CD8 T cells were sorted using a FACSAria
flow cytometer in a biosafety containment level III laboratory and expanded
in microtiter plates by periodic stimulation in the presence of mixed
irradiated allogeneic PBMC, phytohemagglutinin (PHA; 1 pg/mL), and
recombinant human (rh)IL-2 (150 [U/mL). HIV-specific CD4* T-cell
clones were generated by in vitro priming using HIV-infected autologous
monocyte-derived dendritic cells and subsequently expanded, as previously
described.!” Clones demonstrated specificity for an epitope in HIV-1 p24
Gag (residues 271-290). HLA-matched Epstein-Barr virus (EBV)-—
transformed B-cell lines used to present antigen in cytolytic and polyfunc-
tional assays were cultured in RPMI 1640 medium supplemented with 10%
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fetal calf serum (FCS), antibiotics, and L-glutamine. Peptide-specific clones
were screened using IFN-y enzyme-linked immunosorbent assay (ELISPOT)
and tetramer staining.

Monoclonal antibodies, amine reactive dyes, and peptide/HLA
class | tetramers

Tetrameric antigen complexes for KK10/HLA-B*2705 and NV9/HLA-
A*0201 NL9 were generated, as described previously.'®!? Directly
conjugated monoclonal antibodies (mAbs) were obtained from the
following vendors: (1) aCD3-CyS5.5 peridinin chlorophyll protein, «CD8-
allophycocyanin (APC), aCD4-APCCy7, aCD107a-Cy5 phycoerythrin
(PE), aCD40L-PE, oIL-2-APC, alFNy-Alexa700, and oTNFa-PECy7
(BD Biosciences, San Diego, CA); (2) aCD8-Alexa405, aperforin-PE, and
agranzyme B-Texas Red PE (Caltag Laboratories, Burlingame, CA);
(3) aMIP-1B-fluorescein isothiocyanate (FITC; R&D Systems, Minneapo-
lis, MN); and (4) aCD4-Texas Red PE, «CD8-Cy5PE, and «KC57/p24-
FITC (Beckman Coulter, Miami, FL). The amine-reactive viability dye
ViViD (Molecular Probes, Eugene, OR) was used to eliminate dead cells
from the analysis, as described previously.?’ Staining with all reagents was
conducted according to standard procedures.?!-??

Clonotype analysis

Clonality of expanded clones was confirmed by molecular analysis of TCR
gene expression, conducted using a template-switch—anchored reverse
transcription-PCR, as described previously.?>?* Twenty TCRB sequences
tested were generated for each clone; clonality was validated when a single
productive TCRB sequence was repeatedly obtained for a given clone. The
ImMunoGeneTics nomenclature system is used throughout.'>->3

Measure of antigen sensitivity

Antigen sensitivity of CD8" T cells refers to activation threshold in
response to defined concentrations of exogenous peptide. It was assessed by
performing peptide dilutions and determining the peptide concentration
required to induce half-maximum response in functional assays. For CD8*
T-cell clones, antigen sensitivity was measured in chromium release assays.
Briefly, target cells were labeled with >'Cr (70 pwCi for 10° cells) for 1 hour
at 37°C, washed 3 times, and then incubated in the presence of cognate
peptide at the concentrations indicated for 15 minutes at room temperature
before the addition of T-cell clones at an effector to target (E:T) ratio of
10:1. After incubation for 4 hours at 37°C, chromium release was measured
in harvested supernatants. Activity was determined as the percentage lysis:
100 X (experimental — spontaneous release)/(total — spontaneous re-
lease). For CD8* T-cell populations within PBMCs, antigen sensitivity
was measured in ex vivo IFN-y ELISPOT assays. Briefly, thawed PBMCs
were plated in the presence of cognate peptide at 103 cells/well in 96-well
polyvinylidene plates (Millipore, Molsheim, France) precoated with cap-
ture anti-human IFN-y mAb (Diaclone, Besancon, France) at 4°C over-
night. Plates were incubated overnight at 37°C in 5% CO, and developed
according to the manufacturer’s recommendations. Spots were counted
using an automated ELISPOT reader (Zeiss, Le Pecq, France).

Polyfunctional analysis

For polyfunctional profiling, PBMC or T-cell clones together with antigen-
presenting cells as appropriate were incubated in the presence of specific
peptide at the indicated concentrations and pretitered «CD107a mAb for
1 hour at 37°C/5% CO,, followed by an additional 5 hours in the presence
of monensin (2.5 pg/mL; Sigma-Aldrich, St Louis, MO) and brefeldin A
(5 wg/mL; Sigma-Aldrich); negative controls were processed in parallel for
all experiments in the absence of peptide. The BD Cytofix/Cytoperm kit
was used to permeabilize cells, according to the manufacturer’s instruc-
tions, before staining for intracellular markers. Analysis was performed
using DIVA and FlowJo version 8.2 (TreeStar, Ashland, OR) software after
acquisition of stained cells on a standard LSRII flow cytometer (BD
Biosciences). Multifunctional data were analyzed with PESTLE version
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Clonotypic analysis

Figure 1. Identification of HIV-specific CD8* T-cell clones with distinct antigen sensitivities. (A) Half-maximal effective concentrations (ECso) of HLA B*2705-restricted
KK10-specific CD8* T-cell clones were determined in standard chromium release assays using peptide titrations and a common antigen-presenting HLA B*2705" B-cell line.
The tested CD8* T-cell clones are classified according to increasing antigen sensitivity from bottom to top. TCRBV usage, CDR3 amino acid sequence, and TCRBJ usage are
shown for each clone (ND, not done). Same colors indicate identical clonotypes. The clone reference is indicated on the y-axis (the code last letter corresponds to the patient
from which the clone was obtained: A and F for patient 1, B and G for patient 2, and C and H for patient 3). (B) Representative flow cytometric data showing combined «CD8

mAb and KK10/HLA B*2705 tetramer staining of KK10-specific CD8* T-cell clones with

higher or lower levels of antigen sensitivity; staining of a HLA A*0201-restricted CMV

pp65-specific clone is shown for comparison. (C) Representative intracellular stainings for perforin and granzyme B in the same CD8* T-cell clones.

1.3.2 and SPICE version 3.1 (provided by Mario Roederer, ImmunoTechnol-
ogy Section, Vaccine Research Center/National Institute of Allergy and
Infectious Diseases/National Institutes of Health, Bethesda, MD).

Assessment of HIV-suppressive activity

Primary HLA B*2705% CD4" T cells were purified (> 99%) from freshly
isolated PBMC by positive selection with antibody-coated magnetic beads
(Miltenyi Biotec, Paris, France). CD4" cells were stimulated for 3 days
with PHA at 2 p.g/mL in the presence of IL-2 (Chiron, Suresnes, France) at
100 U/mL; the culture medium was RPMI 1640 supplemented with 10%
FCS and 100 U/mL penicillin/streptomycin. The results shown were
obtained by performing infections in vitro with HIV-1 NL4.3 (X4) at the
indicated multiplicity of infection (MOI). CD4 " T cells (10°) were infected
in 96-well plates with a spinoculation protocol. For coculture, 10° CD4*
T cells were mixed with CD8* T cells (at different CD8/CD4 ratios) at the
moment of infection. After infection, the cells were washed and cultured for
3 days. Cells were then harvested and stained with CD4 and CD8 mAb,
permeabilized (Cytofix/Cytoperm; BD Biosciences), and stained with
anti-p24 mAb to monitor HIV-1 infection.

Statistics

Group medians and distributions were compared using the Mann-Whitney
U test or the Wilcoxon signed rank test. Associations between variables
were determined by the nonparametric Spearman rank correlation test.
P values less than .05 were considered significant.

Results

Generation of CD8* T-cell clones with different antigen
sensitivities

To assess the impact of antigen sensitivity on the attributes of
CD8* T-cell efficacy, we generated a bank of HIV-specific CD8"
T-cell clones specific for the immunodominant HLA B*2705-
restricted p24 Gag KK10 epitope (residues 263-272); this restric-
tion element and targeted antigenic protein are both associated with
improved control of HIV-1 replication.?>? These HIV-specific
CD8" T-cell clones were isolated from the peripheral blood
of 3 HIV-infected donors using KK10/HLA B*2705 tetramers
combined with flow cytometric sorting and then expanded in vitro

according to standard protocols; clonality was confirmed by TCR
sequencing (Figure 1A). A total of 36 from 150 clones was selected
for further investigation based on robust expansion upon repeated
restimulation; this necessary selection criterion avoids bias that
might be introduced by replicative senescence or exhaustion. The
antigen sensitivity of these clones was determined as the 50%
effective peptide concentration (ECsy) required to elicit half-
maximal lytic activity in chromium release assays using cognate
peptide titration and a common antigen-presenting HLA B*2705*
target cell line. As shown in Figure 1A, the CD8" T-cell clones
displayed a range of antigen sensitivities with a difference of more
than 2 orders of magnitude with respect to the ECs, value
(2.1 X 1077 M to 3.3 X 10719 M). Regardless of antigen sensitiv-
ity, all clones stained comparably with KK10/HLA B*2705 tetram-
ers (Figure 1B) and were fully armed cytotoxic cells (Figure 1C):
there was no relationship between the antigen sensitivity of the
clones and the percentage (or median fluorescence intensity [MFI])
of tetramer staining, or of perforin and granzyme B expression.

Link between antigen sensitivity and CD8* T-cell
polyfunctionality

The polyfunctional profile of representative clones that displayed
different levels of antigen sensitivity was then assessed by multipa-
rametric flow cytometry (Figure 2A). For stimulation, target cells
were incubated with 1078 M peptide concentration, thought to be
close to the amount of peptide that real infection generates on cell
surface.”’” Importantly, these assays were performed on equiva-
lently “resting” clones 2 weeks postrestimulation to circumvent
any potential bias related to activation status. Among the clones
selected for these assays (n = 10), we included clones with
identical TCRB sequence for internal control (see framed dots in
Figure 2C). A caveat is that we only performed TCRB sequencing,
and it is possible that clones with the same TCRB chain might have
different TCRA chain and therefore not be identical clonotypes.
The antigen sensitivity of all these clones was superior for the
wild-type KK10 peptide, compared with a L,ssM variant KK10
peptide, which corresponds to an escape mutation commonly
observed in HIV-infected patients (data not shown). Notably,
whereas all clones elicited at least one function upon antigen
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Figure 2. Functional characterization of HIV-specific CD8* T-cell clones with distinct antigen sensitivities. (A) Representative data showing the simultaneous and
independent measurement of 5 separate functions in KK10-specific CD8* T-cell clones using 8-color flow cytometry. Cells were stimulated for 6 hours in the presence of
EBV-transformed HLA B*2705* B cells and 108 M peptide before intracellular staining. Function plots are gated on CD8*ViViD- cells; percentages of cells in the different
quadrants, gated with respect to the corresponding negative controls (displayed for reference in the left panels for the clone with low antigen sensitivity), are shown. (B) The pie
charts depict the background-adjusted polyfunctional profile of 3 representative KK10-specific CD8* T-cell clones with different antigen sensitivities (highest, C2A;
intermediate, H10G; lowest, D8B). For simplicity, responses are grouped according to the number of functions (from CD107a, IFN-y, TNF-a, IL-2, and MIP-1p) elicited in
response to antigen encounter; individual segments represent the proportions of cells within each total clonal population that exhibited the number of functions indicated.
(C) Polyfunctionality, defined as the percentage of cells displaying 3 or more functions simultaneously, is plotted as a function of antigen sensitivity. Each dot represents a
distinct clone; dots framed by a square or hexagon indicate clones with identical TCRB sequences. The correlation was determined using Spearman rank test.
(D) Representative staining for p24 and CD4 from primary CD4* T cells 3 days postinfection with the replicative HIV-1 strain NL4.3 pseudotyped with vesicular stomatitis virus.
(E) Polyfunctional profile of 2 CD8* T-cell clones with different antigen sensitivity for KK10 (higher, C2A; lower, H8B) after 6-hour incubation with HLA-B27 primary CD4* T cells
infected with HIV-1 (1:10 CD8 to CD4 ratio). (F) Polyfunctional profiling of 3 representative KK10-specific CD8* T-cell clones (highest, C2A; intermediate, H10G; lowest, D8B)
along a peptide concentration gradient.

encounter, highly sensitive clones displayed more polyfunctional
profiles compared with clones with lower levels of antigen
sensitivity (representative examples are shown in Figure 2B).
Indeed, there was a direct link between CD8* T-cell antigen
sensitivity and polyfunctionality, as shown by a significant positive
correlation between these 2 parameters (Figure 2C). Likewise, in
the presence of primary CD4* T cells infected with HIV (Figure
2D; ie, endogenous presentation of the antigen), CD8% T-cell
clones with higher antigen sensitivity showed a stronger polyfunc-
tional profile (Figure 2E).

Functional outcomes upon antigen engagement depend on the
strength of the stimulus,”® which can be directly affected by the
level of antigen sensitivity. In a related manner, several studies
have also shown that the functional profile of T cells can be
dictated by antigen concentration.?*-3> To address these issues in
our study, we determined the polyfunctional profiles of representa-
tive KK10-specific CD8" T-cell clones in peptide titration assays.
Progressive increases in antigen concentration stimulated more
polyfunctional outcomes (Figure 2F). Although apparently pauci-
functional during initial screening (Figure 2B), CD8" T-cell clones
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with lower levels of antigen sensitivity displayed enhanced poly-
functional profiles at supraoptimal peptide concentrations. Nonethe-
less, at any given antigen density, greater proportions of the
population were polyfunctional in highly sensitive CD8" T-cell
clones compared with their lower sensitivity counterparts. Similar
observations were obtained using CD8* T-cell clones specific for
the HLA A*0201-restricted cytomegalovirus (CMV) pp65 NV9
epitope (residues 495-503) with distinct antigen sensitivity (data
not shown), extending the relationship between polyfunctionality
and antigen sensitivity to another specificity. The relevance of these
observations was confirmed in assays conducted directly ex vivo.
We assessed the functional profile of CD8% T-cell populations
specific for 2 distinct HIV antigens in peptide titration assays.
Figure 3 shows CD8" T-cell populations (from distinct donors)
specific for the HLA B*2705-restricted KK10 epitope (Figure 3A)
or the HLA A*0301-restricted HIV-1 p24 Gag epitope RY10
(residues 20-29; Figure 3B) that exhibited distinct antigen sensitivi-
ties. Ex vivo observation mirrored those obtained with the CD8*
T-cell clones; thus, regardless of specificity or experimental
conditions, polyfunctionality was determined by antigen sensitivity
and peptide concentration.

Sequential induction of functions with signal intensity

To gain mechanistic insights into the relationship between polyfunc-
tionality and antigen sensitivity, we analyzed the induction of
individual functions independently (Figure 4A). In addition to
being more polyfunctional, high-sensitivity clones also produced
more IFN-y and/or TNF-a and mobilized more CD107a on a
per-cell basis compared with clones with lower levels of antigen
sensitivity; this quantification of individual functions was assessed
by MFI measurements gated solely on responsive cells stimulated
at the highest peptide concentration (Figure 4B). Thus, the amount
of produced cytokines is directly associated with the degree of
activation at the single-cell level. These observations are consistent
with recent reports that showed an association between the

magnitude of individual functions at the single-cell level and the
degree of polyfunctionality in polyclonal antigen-specific T-cell
populations ex vivo.**3* Only MIP-1B3 failed to show such
hierarchical induction, thereby suggesting that this function is
rapidly elicited at maximal output; low IL-2 production levels
precluded such analyses for this function. Further examination of
individual functions revealed a sequential induction of different
functions according to stimulus strength (Figure 4C). Thus, al-
though interclonal variations could be observed (mostly with
respect to the differential induction of IFN-y and TNF-a), the
individual functions appeared in a predictable linear order along
the gradient of antigen concentration as follows: MIP-13 >
CD107a > IFN-y = TNF-a > IL-2 (P = .009; Kruskal-Wallis test;
Figure 4D). This sequential induction of functions with increasing
TCR signal intensity provides an explanation for the relationship
between antigen sensitivity and functional attributes. In sum, these
data demonstrate the existence of a functional hierarchy in
HIV-specific CD8" T-cell clones that is determined by their antigen
sensitivity.

Hierarchical functionality in CD4* T cells

To extend the applicability of these findings, we investigated also
the functional responsiveness of cells from the CD4" lineage. For
this purpose, 2 CD4* T-cell clones specific for an epitope in HIV-1
p24 Gag (residues 271-290) were isolated from a single donor and
expanded in vitro; these clones displayed distinct levels of anti-
gen sensitivity, as measured by expression of CD40L after stimu-
lation with a range of peptide concentrations (lower,
ECsy = 5.5 X 1077 M; higher, ECs5y = 5.3 X 1078 M), and used
different HLA restriction elements (HLA-DR*01 or HLA-DR*04).
Functional profiling was conducted using an immortalized B-cell
line derived from the original donor, thus expressing both HLA
molecules of interest, as a common target for antigen presentation
(Figure 5A). The functional hierarchy was different from that
observed for CD8* T cells; however, there was clear sequential
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*P < .05, **P < .01 calculated using the Wilcoxon signed rank test.

induction of individual functions (Figure 5B). Furthermore, CD4*
T-cell polyfunctionality increased with the stimulus gradient and
was more pronounced for the clone with higher sensitivity for
antigen (Figure 5C). Thus, antigen sensitivity dictates T-cell
functional response profiles regardless of specificity and lineage.

Potent suppression of HIV replication by highly sensitive CD8*
T cells

Recently, it has been shown that the in vivo control of HIV-1
replication is associated with the capacity of CD8% T cells to
suppress p24 production in primary CD4* T-cell cultures infected
with HIV-1, by eliminating target cells via perforin/granzyme
B-mediated cytolytic pathways.®® The measurement of HIV sup-
pression has emerged as one of the most relevant approaches for
assessing CD8* T-cell efficacy against HIV.* We therefore tested
the capacity of our KK10-specific CD8* T-cell clones to suppress
HIV replication under these conditions, using infected HLA
B*2705* primary CD4* T cells. Notably, the presence of highly
sensitive CD8* T-cell clones prevented the production of p24 in the
infected CD4* T-cell cultures to levels approaching those of the
negative controls, that is, in the complete absence of virus; thus,
these CD8* T cells had almost totally suppressed HIV replication
in this assay (Figure 6A). However, KK10-specific clones with
lower levels of antigen sensitivity were not as effective. In fact, the
presence of clones with the lowest antigen sensitivity had virtually
no effect on the dynamics of HIV infection and replication (Figure
6A). Importantly, we found an inverse correlation between the
proportion of infected cells expressing intracellular p24 and the
antigen sensitivity of the CD8* T-cell clones present in the cultures
under equivalent conditions (Figure 6B).

To further explore the mechanistic basis of HIV-suppressive
activity, we tested in these assays the influences of the E:T ratio
as well as viral input. In the presence of disproportionate
numbers of T-cell clones with lower levels of antigen sensitivity,
apparent levels of HIV suppression could nonetheless be
observed (Figure 6C). Finally, at lower MOI, suppression of
HIV replication could be achieved at lower E:T ratios (Figure
6D). This shows that, although the frequency of effector cells
and the level of virus challenge are important parameters and
can influence the efficiency of HIV suppression, under all
conditions, highly sensitive clones exhibit greater potency in
their ability to suppress HIV infection and replication, most
likely through more rapid recognition and elimination of target
cells, as shown in mouse models.>> Overall, this provides an
explanation for our findings of an inverse correlation between
the antigen sensitivity of immunodominant HIV-specific CD8"
T-cell populations measured ex vivo and the cell-associated
viral load in patients.’ Of note, HIV-infected patients harboring
immunodominant HIV-specific CD8* T-cell responses with
higher antigen sensitivity presented clear trends toward lower
plasma viral loads and higher CD4 counts (Figure 6E).

Discussion

Effective control of HIV by CD8* T cells is thought to rely on
qualitative aspects of the virus-specific response. Indeed, the
deployment of potent effector functions, such as polyfunction and
suppression of viral replication, has been identified as hallmarks of
CD8" T-cell efficacy in HIV-1 infection. The principal finding of
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the current study is that these functional attributes of CD8* T-cell
populations are governed by the level of antigen sensitivity. It is
established that the functional profile of T cells in response to
antigen-induced activation can be influenced by several factors,
among which the intensity of the TCR-mediated signal is crucial.
Consistent with previous reports,?$-32 we found that polyfunctional-
ity is a composite of individual functions triggered in a hierarchical
manner along a gradient of antigen concentration. Because highly
sensitive cells receive a systematically stronger signal for a given
antigenic stimulus, they display a more polyfunctional profile
compared with their lower sensitivity counterparts. This principle
applied generally to CD8% T cells specific for different viral
epitopes and to CD4" T cells. Moreover, CD8" T cells with high
levels of antigen sensitivity can recognize low densities of cognate
antigen on the target cell surface, thereby resulting in effective
target cell clearance;¢37 this corresponds to the superior capacity
of these cells to suppress HIV replication (Figure 6). Thus, overall,
the qualitative attributes associated with T-cell efficacy are inter-
linked and governed by antigen sensitivity.

Previous studies that used isolated HIV-specific CD8" T-cell
clones to assess their functional attributes reached diverging
conclusions as to the importance of antigen sensitivity.?®3° These
contrasting results may be related to the heterogeneity (in terms of
target epitope and HLA restriction)?® or the number (n = 2)* of
clones used in these studies, which may hinder definite insights into
the relevance of a specific parameter for CD8* T-cell efficacy. This
reinforces our strategy to generate a large number of clones, with a

unique specificity, to perform adequate comparative analysis and
explore the mechanistic basis of CD8* T-cell efficacy, supported by
ex vivo data. It is noteworthy that, despite being restricted by HLA
B*2705 and cognate for an epitope derived from the Gag protein
(parameters associated with better control of HIV replication), the
KK10-specific CD8* T-cell clones with low antigen sensitivity in
our study exhibited paucifunctionality and poor HIV-suppressive
capacity in vitro. These findings serve to emphasize further that the
control of HIV replication is not solely a function of HLA
restriction or epitope target.

The findings presented in this study are directly relevant to the
development and assessment of effective T-cell-based vaccines.
Currently, the majority of studies use functional assays, such as
IFN-y ELISPOT or intracellular cytokine staining for polyfunc-
tional immunoprofiling, performed in the presence of saturating
peptide concentrations. However, it is clear from the present
dataset that the functional profiles of antigen-specific T-cell popula-
tions approximate when assessed under supraoptimal stimulation
conditions; thus, whereas such assays can provide information on
total antigen reactivity, they are limited in terms of dissecting the
finer qualitative attributes of CD8" T-cell populations. These
considerations may argue for the routine assessment of antigen
sensitivity as an independent parameter in our attempts to define
the correlates of protective immunity and inform vaccine design.

Antigen sensitivity is known to depend on multiple factors.
These include, of course, the affinity of the expressed TCR for
antigen, but also additional factors not directly related to this
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49 optimized cytotoxic T lymphocyte epitopes.

primary interaction, such as molecular density and topography on
the T-cell surface, coreceptor-mediated effects, membrane flexibil-
ity, and differential triggering thresholds.**-4> Recent work suggests
that the sensitivity of T cells to signals from the TCR may also be
controlled at the level of miRNA expression. For instance, it was
shown that during thymopoiesis, miR-181 changes the outcome of
signaling triggered by TCR engagement by peptide-MHC com-
plexes in double-positive (CD47CD8") thymocytes through the
modulation of negative regulators of TCR signaling.*> Further-
more, several factors primarily related to cellular ontogeny and
environment can influence the functional profile of T cells and their
antigen sensitivity. For instance, T-cell activation status exerts an
effect, because antigenic stimulation can result in transient hypore-
sponsiveness.**#7 This may be due to activation-induced regulatory
pathways, such as the expression of inhibitory receptors like
programmed death 1,* TCR-CDS dissociation,*® or factors related
to TCR down-regulation,®’! and may explain why T cells from
HIV-infected patients with high viral loads appear less functional in
ex vivo assays. %132

Although complex, this nonhierarchical combination of in vivo
factors needs to be integrated into our comprehension of CD8*
T-cell-mediated control of HIV infection; the present work in this
light simply highlights the importance of efforts that aim to dissect
the respective contributions of these parameters to T-cell efficacy.
We are currently engaged in biophysical and structural analyses of
specific TCR peptide-MHC class I complex interactions, as well as
genomics analysis (macroRNA and microRNA) of higher versus
lower antigen sensitivity T cells, to deconvolute the major determi-
nants of antigen sensitivity with regard to CD8* T-cell efficacy.
The induction of T cells with high levels of antigen sensitivity
could emerge as a major focus of vaccine design, and more
knowledge is needed with respect to the basis of antigen sensitivity.
We recently reviewed possible approaches that may contribute to

this goal, emphasizing the importance of antigen levels for T-cell
priming and boosting, as well as the potentially crucial role of
costimulatory pathways.!? In this context, a recent study has shown
that the use of Toll-like receptor ligands as adjuvants in vaccination
formulations can result in increasing TCR selection thresholds,
thereby leading to the preferential expansion of clonotypes with
high levels of antigen sensitivity.>?

However, whereas highly sensitive T cells may be the most
efficacious in terms of halting HIV replication and spread,
2 important issues need to be considered in the vaccine setting.
First, the extreme mutability and rapid evolution of HIV in vivo in
response to selection pressure mediated by highly sensitive CD8*
T cells’*> dictate that the choice of immunogen and the breadth of
response, both in terms of the number of targeted epitopes and the
clonotypic composition of each antigen-specific population, are
primary considerations.>® Interestingly, transduction in CD8* T cells
of a TCR with supraphysiologic affinity for an HIV epitope has
been recently reported to enable recognition of variants.?” Nonethe-
less, induction of T-cell responses targeting simultaneously several
conserved epitopes with high sensitivities is likely to be crucial to
exert pressure on points where the virus has difficulties to mutate.
Second, clones with higher levels of antigen sensitivity expand
more readily upon cognate stimulation (data not shown). In the
setting of viral persistence and continued antigenic challenge, this
stronger expansion and turnover can result in a limited replicative
lifespan,’’ and eventually the irreversible exhaustion of effective
T-cell clonotypes.®>® Induction of durable effective T-cell immu-
nity is therefore conditional on T-cell proliferative and renewal
capacities. Thus, defining the optimal equilibrium for the induction
and maintenance of highly sensitive T cells from the available
repertoire may prove to be one of the keys to the development of a
successful T-cell-based vaccine against HIV infection.
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