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Abstract: An effective HIV vaccine will need to stimulate immune responses against the sequence
diversity presented in circulating virus strains. In this study, we evaluate breadth and depth estimates
of potential T-cell epitopes (PTEs) in transmitted founder virus sequence-derived cohort-specific
peptide reagents against reagents representative of consensus and global sequences. CD8 T-cells from
twenty-six HIV-1+ PBMC donor samples, obtained at 1-year post estimated date of infection, were
evaluated. ELISpot assays compared responses to 15mer consensus (n = 121), multivalent-global
(n = 320), and 10mer multivalent cohort-specific (n = 300) PTE peptides, all mapping to the Gag
antigen. Responses to 38 consensus, 71 global, and 62 cohort-specific PTEs were confirmed, with
sixty percent of common global and cohort-specific PTEs corresponding to consensus sequences.
Both global and cohort-specific peptides exhibited broader epitope coverage compared to commonly
used consensus reagents, with mean breadth estimates of 3.2 (global), 3.4 (cohort) and 2.2 (consensus)
epitopes. Global or cohort peptides each identified unique epitope responses that would not be
detected if these peptide pools were used alone. A peptide set designed around specific virologic and
immunogenetic characteristics of a target cohort can expand the detection of CD8 T-cell responses
to epitopes in circulating viruses, providing a novel way to better define the host response to HIV-1
with implications for vaccine development.

Keywords: CD8 T-cell; epitope-mapping; HIV-1; HIV-1 vaccine

1. Introduction

While much of the focus on a preventative vaccine has been on stimulating a broadly
neutralizing antibody response, it is likely that the most effective vaccine will involve
collaboration between both the humoral and cellular arms of the immune response. Indeed,
recent studies in the SIV model showed that combining a neutralizing antibody response
with a strong cellular response to Gag antigen resulted in superior and more durable
protection [1,2]. Cytotoxic T-lymphocyte (CTL) mediated immunity has been shown to be
critical for the elimination of HIV-1 infected cells and for the containment of acute infection.
The development of effective T cell responses is associated with a reduced rate of disease
progression [3–6]. Specifically, the development and maintenance of a polyfunctional
HIV-1 specific CD8 T cell response is critical to viral control [7–10] and is currently the
focus of several vaccine candidates designed to stimulate HIV-1 specific CD8 T cells. The
identification of CD8 T cell epitopes within HIV-1 is important for understanding the
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underlying mechanisms of T cell immunity and thereby informing on prophylactic or
therapeutic vaccine design. In vivo, viral peptides are presented to CTLs bound on major
histocompatibility class I (MHC-I) molecules, thereby dictating with their binding specificity
the potential repertoire of CTL responses. Thus, it is important to understand the MHC-I
restriction of CTL responses and its role in host immunity and viral diversification [11–14].

HIV-1 genetic diversity poses a major barrier to both the design and evaluation of HIV-1
vaccines. An effective vaccine will need to elicit broadly reactive immune responses [15,16].
Although the use of vaccine modalities based on conserved elements [17], or central
sequences (ancestral or population consensus sequences [18,19]), enabled improvement in
the breadth (number of discrete epitopes) of HIV-specific T cell responses elicited, they still
show limited ability to elicit responses that recognize the sequence diversity of circulating
HIV [20]. Alternatively, multivalent sequences are currently being employed as vaccine
immunogens which, in addition to breadth, also increase the depth of the response (number
of recognizable epitope variants), and therefore, improve the ability of vaccine recipients to
broadly recognize potential exposures [21–24]. However, the evaluation of such responses
with vaccine-matched peptides may fail to fully characterize the depth of the T cell response
to circulating variants [25]. Therefore, for the rational development of a T cell-based HIV-1
vaccine, a better approach to screening and identifying potential T cell epitopes (PTEs)
is required.

To better evaluate the breadth and depth of T cell responses in individuals living with
HIV-1 or vaccinated individuals, a set of 15mer peptides were designed to provide optimal
coverage of global circulating viruses, as represented by sequences deposited in the LANL
database in 2006 [26]. The resulting global peptide set included variant peptides that were
representative of circulating viruses and specifically excluded peptides that were unlikely
to represent epitopes based on analyses of 1900 HIV-1 epitopes that were known at the
time; these peptides overcame some of the limitations of peptides based on the consensus
sequences for specific subtypes [26–28]. However, viral sequences from contemporary
individuals living with HIV-1 in a specific population may still be poorly represented by
these global PTEs.

While autologous peptides representing the Gag sequence of each participant in a
study would optimally probe the extent of CD8 T cell responses, this is prohibitively
expensive. We, therefore, developed an alternative to the global PTEs for epitope map-
ping of a specific cohort by applying a similar peptide coverage optimization algorithm
but substituting the LANL database sequences with inferred transmitted founder virus
(TFVs) sequences defined from Zambian individuals with acute clade C HIV-1 infection.
Furthermore, the algorithm uses the HLA-alleles of each individual to discard peptides
that are not predicted to bind class I MHC, using state-of-the-art computational epitope
prediction (NetMHCpan 2.8) [29]. By selecting PTEs (cohort specific) from the participants’
TFV sequence variants and excluding non-MHC-binding peptides (IC50 > 10 mM) we
hypothesized that we could more effectively identify epitopes and their variants compared
to the existing global PTE approach. To test this hypothesis, we evaluated T cell responses
by ELISpot to a library of 794 cohort, global and consensus PTEs, using a hierarchical
matrix pool strategy that significantly reduced the number of tests and cells required
without compromising the specificity of the ELISpot procedure. Our data showed that
cohort-specific PTEs designed from viral isolates from local study participants living with
HIV yielded increased estimates of epitope breadth for the immune response relative to
consensus peptides and enabled a unique estimation of depth that can further expand
estimates of approaches using global peptides.

2. Materials and Methods
2.1. Study Participants

All samples were collected under International AIDS Vaccines Initiative (IAVI) spon-
sored study protocols conducted at Zambian research centers. PBMC samples were isolated
from blood samples collected with written informed donor consent. A sampling of 30 HIV-
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1-infected participants was made approximately 365 days post their Estimated Date of
Infection (EDI) (Table 1).

Table 1. Participants characteristics.

Gender
Female 18 *

Male 12 *

Age (years) Mean (SD) 34 ± 9

Day post EDI Mean ± SD 348 ± 17

CD4 Count (cells/uL) Mean ± SD 566 ± 198

Plasma Viral load
(copies/mL) Mean ± SD 8301 ± 6046

Mode of infection Heterosexual discordant couples

HIV-1 subtype Subtype C
*: Denotes number of participants of each gender.

Participants living with HIV were part of the IAVI-sponsored acute infection study
cohort called Protocol C, where over 3000 time points were sampled for plasma and
PBMCs from 286 Zambian participants collected at the Zambia-Emory HIV Research Project
(ZEHRP) laboratories in Lusaka and Ndola. Protocol C was a prospective, observational,
multi-center study conducted between February 2006 and December 2011 to evaluate
laboratory, clinical, immunologic and viral markers of disease progression in participants
who had recently acquired HIV [30–32]. HLA genotyping of 233/286 Protocol C Zambian
participants was performed using genomic DNA extracted from whole blood or buffy coats
(Qama blood kit; Qiagen, Hilden, Germany) using PCR with commercial sequence-specific
primers for two-digit specificity as described previously [33], (Figure 1). The study was
reviewed and approved by the Emory University Institutional Review and University of
Zambia Research Ethics Committee (Emory IRB00000737) and all participants consented
to participate in the study following sessions to fully inform them of its requirements
and goals.

2.2. PBMC Processing

Fresh PBMC were separated from whole blood by Ficoll-Hypaque (Histopaque®-1077
Hybri-Max™) density gradient centrifugation and frozen in liquid nitrogen using fetal
bovine serum (FBS) supplemented with 10% dimethyl sulphoxide (DMSO) at a concentra-
tion of 10 × 106 cells/vial. PBMC were thawed with culture medium; RPMI 1640 medium
supplemented with penicillin (100 U/mL), streptomycin (100 µg/ mL), L-glutamine (2 mM),
sodium pyruvate (1 mM), HEPES buffer solution (10 mM) and 10% or 20% FBS (R10 or R20
media, respectively). All reagents were supplied by Sigma, St. Louis, MO, USA.

2.3. CD8 T Cell Expansion

To extend clinical sample availability, CD8 T cells were expanded as previously de-
scribed [34–37]. Briefly, thawed PBMC were cultured initially at 1.0–1.5 × 106 cells/mL
in R10 with IL-2 at 50 U/mL (R10/50) and CD3/CD4 bi-specific antibody at 0.5µg/mL at
37 ◦C and 5% CO2. The volume of culture medium was doubled at days 3 and 5 of cell cul-
ture with R10/50. On day 7 of culture, cells were counted and approximately 9 × 106 cells
per set of peptide pools to be tested were removed from culture for the first ELISpot with
peptide pools. The cells were washed of IL-2 and rested for 22–26 h in R10 without IL-2
before plating for the first ELISpot. The remaining cells were cultured in R10/50 at 37 ◦C
and 5% CO2 until day 10 when all cells were harvested, washed and rested as before, before
plating for the second ELISpot with individual peptides.
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Figure 1. HLA of the 30 sample donors. Comparison of HLA frequencies of the subset of PBMC
donors used in the study and the larger Zambian source participant population (n = 233). HLA
genotyping was conducted on genomic DNA extracted from whole blood or buffy coats using PCR
for two-digit specificity.

2.4. HIV-1 Gag Peptide Sets and Pools

Three sets of HIV-1 Gag protein peptides were used in this study. The first set consisted
of 121 Consensus clade C Gag 15mer peptides with an 11 aa overlap between subsequent
peptides. These covered the whole length of Gag (NIH AIDS reagents program cat. 8118:
HIV-1 Consensus C Gag Peptide Set and cat. 12756: HIV-1 Consensus C Gag Peptide
Pool). A second set of 320 15mer peptides, termed “global” PTEs, were generated from
sequences in the LANL database in 2006 [26], (NIH AIDS reagents program cat. 11554:
HIV-1 PTE Gag Peptide Set and cat. 12437: HIV-1 PTE Gag Peptide pool). A final peptide
set, termed “cohort” PTEs, consisted of 300 10mer peptides designed from the TFV Gag
sequences of 127 Zambian protocol C participants. Zambian HIV-1 seroconverters were
identified with a median (interquartile range) estimated time since infection (ETI) of 46
(42 to 60.5) days, at which time plasma samples were obtained and the gag-gene sequence
of the transmitted virus was determined as described previously [38]. The cohort PTEs
were extended to include 53 peptides from the “A list” of best-defined CTL epitopes (https:
//www.hiv.lanl.gov/content/immunology/tables/optimal_ctl_summary.html, assessed
on 31 December 2017) described by Llano et al. 2013 [39], that were not already identified
by the algorithm.

https://www.hiv.lanl.gov/content/immunology/tables/optimal_ctl_summary.html
https://www.hiv.lanl.gov/content/immunology/tables/optimal_ctl_summary.html
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Cohort-specific PTEs were designed using an adaptation of the PTE algorithm (Li
et al., 2006) that was used to design the global PTEs, which are publicly available from
the NIH. Both algorithms work by selecting peptides to provide optimal coverage of an
amino-acid sequence alignment. In the original approach, from the alignment two sets
of peptides are generated: (A) all 9mers representing potential CD8+ T cell epitopes, (B)
all unique 15mers forming a pool of peptides to pick from. Peptide selection begins by
selecting a 15mer from (B) that provides maximal coverage of 9mers in (A), based on their
frequency in the alignment. Naturally, 15mers covering conserved 9mers are selected first.
Selection proceeds by removing the “covered” 9mers from (A) and picking the next best
15mer from B that provides maximal coverage. The selection continues until the desired
number of PTEs is attained or until the marginal gain in coverage falls below a pre-specified
threshold (i.e., stop selection when the next peptide would provide less than 10% additional
coverage of epitopes in the alignment).

The Cohort-specific PTE algorithm was adapted from this original algorithm by fur-
ther restricting (A) to 9mer peptides that were predicted to bind an HLA allele with
IC50 < 10,000 nM using NetMHCpan (v2.8). We intentionally used an inclusive IC50
threshold because we noted that many known HIV-1 epitopes in the LANL database
have predicted IC50 > 500 nM, a more typical threshold. Using a higher threshold ensures
that most epitopes will be covered by the cohort-specific peptides, while still allowing for
substantial efficiency gains: ~70% of 9mers had an IC50 > 10,000 nM and could, therefore,
be excluded from (A). The cohort-specific PTE peptides were created from an alignment of
127 TFV clade C sequences isolated from individuals in Zambia (Protocol C); the matching
HLA-A and HLA-B alleles of each participant were used to generate the starting pool of
potential epitopes (A). We used 10mer peptides, extracted from the collection of the 127 TFV
clade C viral sequences and selected a sub-set of these that covered the target 9mer PTEs.

The panels of consensus, cohort and global peptides were organized into a 15-pool
3D matrix for the consensus peptide set while the cohort and global peptide sets were
organized into 18-pool 3D matrices. The organization was such that, within a given peptide
set matrix, each peptide was represented in three different peptide pools and the pools
were positioned one at each matrix axis. This allowed the identification of the respective
peptide by responses in the three corresponding pools. The consensus pool composition
ranged between 21 and 25 peptides per pool (median of 24 peptides per pool). Peptide
pool composition for the cohort and global peptide sets ranged between 50 and 74 peptides
per pool (median of 58 peptides per pool) and 43 and 63 peptides per pool (median of
52 peptides per pool), respectively. The final assay concentration of each peptide within
a peptide pool as well as in single deconvoluted single peptide runs was 2.0 µg/mL in
150 µL of assay volume.

2.5. ELISpot Assays and Mapping Strategy

IFN-γ ELISpot assays were performed on cryopreserved PBMCs using previously de-
tailed methods using a peptide pool matrix-screening step with a subsequent deconvoluted
individual peptides analysis step [34,35,40]. Polyclonally expanded CD8 T cells extended
sample availability for the three peptide sets covering the HIV-1 Gag protein using the
ELISpot assay. The ELISpot assay procedures have been previously described [41]. Briefly,
7-day polyclonally expanded and 24 h rested CD8 T cells were recovered, viably counted
(Beckman Coulter Vicell XR) and plated in duplicates in 96-well anti-IFNγ pre-coated flat
bottom PVDF culture plates [42], (Mabtech, Nacka, Sweden) at 2 × 105 cell per well with
stimuli. A no-cell well was used to access the medium background. Non-specific IFNγ

secretion by CD8 T cells was assessed by culture with 0.45% dimethyl sulfoxide (DMSO)
(Sigma) in R10 (mock). Positive control stimuli were phytohemagglutinin (PHA, 10µg/mL)
(Sigma) or cytomegalovirus (CMV) pp65 protein peptide pool. Plates were incubated
overnight at 37 ◦C, 5% CO2 and spots developed as described previously [41]. ELISpots
using single peptides deconvoluted from the day-7 CD8 T cells matrix pool ELISpots were
performed on day 10 expanded CD8 T cells as above. The day 10 CD8 T cell single pep-
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tide assay included a confirmatory re-testing of the day 7 CD8 T cell positive pools. The
numbers of spot forming units (SFU) per well were counted using an automated ELISpot
plate reader (AID ELISpot reader system; Autoimmune Diagnostika GmbH, Strassberg,
Germany) and the number of specific T cells was calculated by subtracting the mock control
values. SFU were expressed as mock corrected SFU per 106 cells, i.e., the average mock
SFU was subtracted from the observed pool or single peptide SFU values. Based on our
previous work [41,42] on assay validation using PBMCs, a mock subtracted response of
≥38 SFU/106 CD8 T cells was scored as a positive response to a pool or peptide.

2.6. Statistical Analysis

Sequence alignment and analysis were performed using sequence analysis programs
Jalview V.2 [43], and MEGA7 [44]. Statistical analysis and graphical presentation were
conducted using GraphPad Prism v6,01 for Microsoft Windows and Python programming
language (Python Software Foundation. Python Language Reference, version 3.6. Avail-
able online: http://www.python.org; accessed on 1 September 2018). Statistical results
are given as means with standard deviation (SD) or 95% confidence intervals and signif-
icance (p values) based on two-tailed t-tests or medians with the interquartile range and
significance (p values) as required by the test. Correlation comparisons were made using
the Spearman rank correlation test and linear regression analysis was used to determine
the slope.

3. Results
3.1. Epitope Mapping of CD8 T Cell Responses

We evaluated the performance of three sets of HIV-1 Gag-derived peptides in epitope
mapping experiments: (1) clade C consensus peptides (2) Global PTEs derived from mixed
clade Gag sequences and (3) HIV-LANL “A list” HIV epitope supplemented Cohort PTEs
derived from TFV Gag sequences. The peptide design approach to the global and cohort
multivalent peptides was similar with the major difference being the input sequences. The
three peptide sets together were comprised of 794 peptides which we used to identify
epitopes targeted by polyclonally expanded CD8 T cells. With these sets of peptides, we
tested our hypothesis that using peptides derived from contemporary, cohort-specific TFV
sequences compared to globally circulating sequences would enable more effective iden-
tification of T cell epitopes and further allow the better estimation of response depth. By
comparatively aligning all the global and cohort PTE peptides to the HBX2 HIV-1 Gag pro-
tein sequence we estimated the number of sequence variants covering the HBX2 sequence
positions by counting the number of amino acids aligned at each position, with global
and cohort showing an average of nine and seven amino acids per position, respectively
(Figure 2 upper panel).

Epitopes were mapped in two subsequent ELISpot assays; the first ELISpot screened
large peptide pools organized into 3D matrices, while the second tested individual peptides
deconvoluted from the pool matrices as we have described previously [34,35]. ELISpot
on deconvoluted peptides identified 38/121 consensus, 71/320 global and 62/300 cohort-
specific reactive peptides from 26/30 participants living with HIV in the cohort. Each
ELISpot-positive peptide was mapped to the HBX2 HIV-1 Gag protein sequence to deter-
mine their relative locations (Figure 2 lower panels). As is typical of individuals living with
HIV, there were several epitope hotspots targeted by two or more participants, along with
several less immuno-prevalent epitopes targeted by a single participant [45].

We also plotted all the peptide response magnitudes according to their HXB2 amino-
acid start position (Figure 3). The resulting response magnitude profiles did not indicate
any apparent particular Gag region targeting bias in the CD8 T cell responses beyond
the observed epitope hotspots. Considering only peptide responses with magnitudes
above the pre-specified threshold for the positive response of 38 SFU/106 cells (1.58
Log10 SFU/106 cells), there was no significant difference in the magnitudes of T cell
responses to any of the pairwise comparisons of the four different peptide sets (SFU/106

http://www.python.org
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CD8 cells mean ± SD [Log10 SFU/106 cells], consensus 467.3 ± 495.86 [2.67 ± 2.70], A-list
573.8 ± 541.73 [2.76 ± 2.73], cohort 425.7 ± 451.38 [2.63 ± 2.65] and global 485.6 ± 453.17
[2.69 ± 2.66]).
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Figure 2. Peptide coverage and response epitope map. (Top panel) All peptides in global and cohort
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sets by counting the number of amino acids aligned at each position. (Bottom panels) Each peptide
from the different peptide sets used in this study that elicited a positive CD8 T cell response was
mapped to the HIV-1 Gag protein sequence to determine their relative locations along the Gag protein.
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Figure 3. CD8 T cell response magnitude. ELISpot response magnitudes were plotted according to
the location of the start amino acid of the response peptide along the HIV-1 Gag sequence. Each spot
represents the response magnitude CD8 T cells mapped to the relative location of the peptide on
HIV-1 Gag. The dashed line indicates the positive response threshold (38 SFU/106 or 1.58 Log10
SFU/106).

3.2. Epitope Identification and Analysis of Breadth

T cell epitope breadth can be defined as the number of distinct regions of a protein
or pathogen that are targeted by an individual and is an immunogenicity endpoint that
has been used widely in HIV-1 vaccine clinical trials as well as natural infection studies
to understand the mediators of viral control. Epitope breadth can be estimated from
epitope mapping experiments; however, counting the number of peptides that elicit a
significant ELISpot response is typically an overestimate of breadth when overlapping
peptides are used in the experiment. Instead, we defined the minimal epitope breadth of a
single participant as the minimum number of distinct peptide regions, each between 8–15
contiguous amino acids, that can explain all of that participant’s positive ELISpot responses.

To estimate breadth, we employed an exhaustive search algorithm to identify com-
binations of a participant’s peptide responses that could be explained by a single epitope
by applying an overlap criterion where if two or more peptides share a region of ≥8 po-
sitions then they can be explained by a single epitope (Supplementary Figure S1). This



Vaccines 2023, 11, 472 9 of 17

criterion was applied iteratively to all possible combinations of each CD8 T cell sample’s
peptide responses, to estimate the minimal epitope breadth yielding the lowest number
of epitopes that could explain all the responses. It is likely that this procedure provides
an underestimate of the actual number of distinct regions targeted by CD8 T cells. For
example, if a response to a single 15mer peptide contains two 9mer regions at the N and
C termini targeted by different T cells, the algorithm will count the 15mer as a single
epitope. Such a response could be parsed as two distinct epitopes if additional overlapping
15mers each spanned only one of the epitopes at the N- and C- termini. The algorithm also
attributed each peptide response to one or more epitopes, based on an overlap of at least
eight amino acids. Thus, for each epitope, the putative optimal epitope was determined to
be the region overlapping all of the peptide responses attributed to the epitope. For the
majority of epitopes, we were able to use peptide overlap to determine an epitope region of
between 8–11 amino acids. For each epitope, the optimal length was determined based on
the maximum length of consecutive amino acids overlapping all of the assigned peptides
(Supplementary Figure S2) excluding “floater” peptides, whose response could not be
attributed definitely to a single epitope. When multiple proximal epitopes are required to
explain a set of responses, there are occasionally floater peptide responses that could be
attributed to one or both of the epitopes; in other words, it was unclear which part of the
peptide contained the optimal epitope.

We first estimated the minimal epitope breadth for each participant using all the 15mer
and 10mer peptides that were identified as significant responses by the epitope mapping
procedure (overall) (Figure 4). Then we re-analyzed the data as if only global PTE, cohort
PTE or consensus peptides had been used for epitope mapping, to compare their respective
estimates of epitope breadth (Figure 4). We found, using the peptides from all three peptide
sets, that participants targeted a range of 1 to 12 distinct epitopes in Gag; mean overall
breadth was 4.9 (95% CI [3.8, 6]). Using either the global (3.2 [2.4, 4.1]) or cohort PTEs
(3.4 [2.6, 4.2]) alone resulted in lower estimates of breadth (Wilcoxon signed-rank p < 0.001),
suggesting that there were epitopes detected exclusively by each set and demonstrating
that generally, as would be predicted, epitope mapping with more peptides will tend to
increase the estimate of minimal epitope breadth. There was no significant difference
between the breadth estimated from global and cohort peptides (p = 0.42). Using only
consensus peptides yielded breadth estimates for each participant that were significantly
lower than the other peptide sets or the combined peptides (2.2 [1.7, 2.7], all p < 0.001).
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3.3. Assessment of Epitopes Detected by Global or Cohort Peptides or Both

To better understand why certain epitopes were detected exclusively using global or
cohort peptides, we categorized each participant’s epitopes based on whether each was con-
tained within global or cohort peptides; for this analysis, we ran the epitope identification
algorithm using global and cohort peptide responses combined. The algorithm identified
118 epitopes among 26 of the 30 participants. Of the 118 epitopes, 61 (52%) were detected
by both global and cohort peptides (G+ C+) and of the 57 remaining epitopes, 29 (28) were
detected exclusively by global (cohort) peptides (Figure 5). The “global-only” epitopes were
further categorized as either sub-threshold cohort responses (G+ C− [17 epitopes]) or cohort
peptides that were not tested (NT), due to a negative pool-level result (G+ CNT [12 epi-
topes]). Likewise, the “cohort-only” epitopes were a combination of epitopes that were
detected by cohort peptides but were not detected by global peptides because overlapping
peptides either elicited sub-threshold responses (G− C+ [6 epitopes]) or were not tested
due to a negative response at the pool level (GNT C+ [22 epitopes]) (Figure 5). For each of
the G+ C+ epitopes, we plotted the maximum ELISpot magnitude (SFU/106 cells) among
the positive peptides from either the global 15mers or cohort 10mers; the magnitudes were
well correlated (rank correlation, R = 0.71, p < 0.001) though global peptides tended to
elicit higher maximum magnitudes than cohort-specific peptides on average; however, the
difference was statistically insignificant (SFU/106 CD8 cells mean ± SD [Log10 SFU/106

cells], cohort 671.77 ± 545.57 [2.82 ± 2.74] and global 765.36 ± 544.25 [2.88 ± 2.73], p = 0.40).
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3.4. Analysis of Epitope Response Depth

The depth of a T cell response can be an important metric indicating the utility of a
T cell response in cross-recognizing multiple peptide variants. We defined depth as the
number of peptide variants recognized by an individual within the epitope-defined region
and compared this to the total number of peptide variants overlapping the epitope region
in each peptide set. First, we compared depth among epitopes that were detected using
both global and cohort peptides (G+C+; Figure 6). By definition, the total number of peptide
variants included for a given epitope was greater than or equal to the number that tested
positive. Overall, both the global and cohort peptide sets provided the ability to detect
responses to several variants of each epitope (depth), with global detecting a higher median
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number of variants than cohort peptides (p < 0.001), which could be partly attributed to
the greater number of variants per epitope that were included in the global peptide set.
However, the comparison of relative proportions indicated that fewer included variants
were recognized in the global (59%) compared to the cohort (75%) peptide sets, suggesting
that the global peptides were less efficient at detecting variant responses. Consistent with
this observation we noted that among the epitopes that were detected using cohort peptides
only (G− C+), there were more variants per epitope represented in the global (median 4)
versus cohort (median 2) peptides, yet no recognition of any of the global peptide variants.
In contrast, the global-only responses (G+ C−) could be explained by a lack of coverage in
the cohort peptide set, not the lack of a specific variant.
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Figure 6. T cell response depth. Response depth was estimated by counting the number of peptides
with unique sequence variations within the putative epitope region. For each peptide set, global vs.
cohort, we counted the total number of unique peptide variants and the number that were contained
within at least one peptide that tested positive. Each symbol represents one epitope, recognized by
one participant (n = 118 epitopes). Vertical lines indicate the IQR with horizontal lines indicating the
median. Epitopes are categorized based on their identification by at least one positive peptide from
each set (G+C+), or from one set and not the other (G−/NTC+ or G+C−/NT).

3.5. Importance of Non-Consensus Peptides in Epitope Mapping

The low breadth in responses to consensus peptides indicated that the consensus
peptides were not sufficient for an accurate estimation of response depth. At almost all
positions, the consensus amino acid was represented in both the global and cohort peptide
sets; however, the consensus variant peptide was not always recognized for a given epitope.
We assessed for each epitope whether or not a non-consensus peptide was required for
epitope identification and if so, the minimum number of amino acid substitutions relative
to consensus that were required for recognition (Figure 7). Analysis of the epitopes that
were detected using both the global and cohort peptides (G+ C+) showed that 81% of
the determined epitopes did not require amino-acid substitutions relative to consensus
(49/61 G+ C+ epitope AA were wholly consensus) (Figure 7A). Of the remainder of the G+
C+ epitopes (20%), 10/61 required at least one AA substitution for detection, while 2/61
required two AA substitutions relative to the consensus sequence (Figure 7B).

Similarly, of the epitopes that were detected by cohort and not global peptides (G−/NT

C+), about 70% were detected using a peptide sequence that matched the consensus
(i.e., 20/28 G−/NT C+ epitope AA were wholly consensus) while 6/28 G−/NT C+ epitopes
required at least one AA substitution and 2/28 G−/NT C+ epitopes required two AA
substitutions relative to the consensus sequence for detection. However, only 20% of
epitopes that were detected only by global peptides (G+ C−/NT) did not require amino-acid
substitutions in order to be detected, 6/29 G+ C−/NT epitopes were wholly consensus, 15/29
(52%) G+ C−/NT epitopes required at least one AA substitution and 5/29 G+ C−/NT, 2/29
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G+ C−/NT and 1/29 G+ C−/NT epitopes required at least two, three or six AA substitutions,
respectively). In summary, 75/118 (64%) of the determined epitopes were wholly AA
consensus sequences while the remaining 43/118 epitopes required one or more AA
substitutions relative to the consensus sequence to be detected. Further analysis of the
magnitudes of responses showed that the epitopes requiring a non-consensus peptide did
not have significantly different response magnitudes from those that were detected by a
consensus peptide (Supplementary Figure S3).
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Figure 7. Consensus AA composition in the global and cohort peptides responses. We analyzed for
instances when at least one minor variant was required for response detection (A) and categorized
the determined epitopes in the G+ C+, G+ C− and G− C+ groups to minimum number of minor
variants required for detection (B).

3.6. Accounting for Missed Responses

Cohort and global peptides were able to detect a similar number of epitopes (i.e., simi-
lar breadth). However, there were many epitopes detected by one peptide set and not the
other. In these cases, we investigated whether the lack of response to peptides from one
set could be attributed to a hole in positional coverage or a missing variant required for
recognition since the occurrence of as little as one amino acid substitution can abrogate T
cell receptor recognition [46].

We began by assessing the global-only epitopes that were not detected by cohort
peptides. Though many of these epitopes were detected by more than one global 15mer,
making it possible to identify a putative epitope region of overlap within the 15mers, none
of the regions were <11 amino acids, making it difficult to determine the exact epitope and
potentially complicating the attribution of a missed response (Supplementary Figure S4).
Therefore, we asked how many of the 9mers within positive global 15mers were covered
positionally by cohort peptides and how often did the 9mers match a cohort peptide
sequence exactly. We found that 17% of global peptides within G+ C−/NT epitopes were
fully covered by cohort peptides and that there was 77% coverage on average. However,
only 35% were covered by sequence-matched cohort peptides. Together these data suggest
that responses missed by cohort peptides could be explained both by missing amino-acid
variants and holes in coverage.

On the other hand, we found that 89% of cohort-only epitopes were completely
contained by at least one global peptide. Furthermore, for 79% of these epitopes, there
was a global peptide that matched the sequence of at least one cohort peptide that was
recognized, suggesting that some factor other than a missing variant or missing coverage
may explain these missed responses.

3.7. Epitope Location within Global 15mer Peptides

One possible explanation for epitopes that were not detected by global 15mers could
be related to the position of the epitope within the peptide. The use of 15mer peptides
for the detection of CD8+ T cell responses is a compromise between presenting a peptide
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close to the typical CD8+ MHC class I-restricted epitope (typically 8–11mer) and a peptide
long enough for the presentation of more than one epitope per peptide. This, however,
presents a potential disadvantage in the possibility that epitopes situated in the middle of
longer peptides may not be detected because of suboptimal epitope presentation [47]. To
determine whether the position of the epitope within a global 15mer impacted recognition
we compared the position of the epitopes detected by cohort peptides within positive
and negative overlapping global 15mers (Figure 8). We did not find any difference in
the location of the epitopes within 15mers that elicited a positive or negative response
(c2 p = 0.261). We then compared the magnitude of T cell responses organized by epitope
position; there was no significant difference in the response to epitopes that started at
different positions within the 15mer (ANOVA, p = 0.096). Together these results show
that there was no general rule governing the role of epitope location on T cell recognition;
however, it does not eliminate the possibility that for specific epitopes location within a
15mer is important.
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analysis was also conducted on epitope location categorized response magnitudes. Peptides that
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characterizing the AA overlap between the epitope and the negative or not tested (NT) peptide.

4. Discussion

Extensive genetic global HIV-1 diversity is one factor, among others, that has hindered
the design and development of an efficacious HIV vaccine [48,49]. It is now well appreciated
that to develop an effective and preventative HIV vaccine that would have a significant role
in the control of the spread of HIV, the successful vaccine candidate will have to be able to
elicit broad immunogenicity against the diversity represented in circulating strains [26].
Hence, epitope mapping is an important way to identify cellular responses associated
with viremic control in natural infection and a way to evaluate vaccine immunogenicity.
Ideally, epitope mapping would be conducted by testing all potential epitopes from an
individual’s autologous quasi-species or from the pool of potential exposures, but the
virtually unlimited number of potential variants prohibits this approach. One approach
to address this problem has been to use consensus peptides, which are considerably more
limited in number and are able to identify responses that recognize conserved regions
but fail to capture the diversity of responses to non-conserved regions. An alternative
approach has been to use a set of multivariant peptides derived from a global 2006 database
of sequences, striking a balance between the constraints of an epitope mapping experiment
and the potential variants that may be recognized by an individual. Here, we sought
to develop an approach for selecting peptides that would be optimized for identifying
epitopes within a specific cohort of individuals living with HIV or importantly, within a
vaccinated cohort at risk of infection from a specific set of circulating HIVs. To evaluate
this approach as well as map for early time point viral antigenic targets, we used TFV
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sequences from a cohort of individuals to generate a set of HIV-1 Gag PTE peptides (cohort
PTEs) that were used to map early time point T cell epitopes specific to the virologic and
immunologic characteristics of the population. We show that cohort PTEs enabled the
detection of both consensus epitopes and epitopes that contained minority variant amino
acids, resulting in increased estimates of epitope breadth relative to consensus peptides
and enabling the estimation of response depth. In many cases, this increase in recognition
of responses using non-consensus peptides could be directly tied to a non-consensus amino
acid sequence variant.

The direct comparison of global 15mer PTEs and cohort 10mer PTEs showed no
significant difference in the number or magnitude of the responses recognized. However,
the comparison of different-length peptides is a limitation of the study. A majority (81%)
of the responses elicited by both peptide sets were also elicited by consensus peptides,
demonstrating the value of consensus peptides for epitope mapping of HIV-1 Gag antigen
responses [50,51]. However, nearly 50% of responses were elicited by only the global or
cohort peptide sets. We found that global peptides were typically able to elicit a response
if they overlapped the identified epitope region; missed responses were more likely to be
related to holes in positional coverage as opposed to missing sequence variants. In contrast,
the responses that were elicited exclusively by cohort peptides were often positionally
covered by a global 15mer peptide and missed responses were attributable to cohort-
specific variants that were not represented or a lack of response despite having a matched
overlap. Further, examination of the 15mers that failed to elicit a response despite an
exact match with a cohort peptide-defined epitope did not identify a general pattern of
epitope location underlying the failed recognition; this is contrary to previous results
suggesting that epitopes situated at the C-terminal of a longer peptide are preferentially
recognized [47]. Together our results suggest that the use of cohort-specific 10mer peptides
is efficient at identifying epitopes, though the approach could be improved by the addition
of consensus peptides to guarantee positional coverage across a protein.

As mosaic and multivalent vaccines continue to be evaluated in clinical trials [21,22,25],
it will be increasingly important to measure the number of responses elicited and the
extent to which the responses can cross-recognize circulating variants; one can improve
the efficiency of this task by reducing the number of peptides needed to identify an
individual’s epitopes, the bottleneck of many approaches is ultimately the number of T
cells that are required [26]. We harnessed the high throughput screening efficiency of the
ELISpot assay and maximized the use of precious clinical samples by employing an in-vitro
polyclonal CD8 T cell expansion procedure from PBMC samples using a CD3/CD4 bi-
specific monoclonal antibody and IL-2 [34,36,52,53]. The ELISpot assay was an optimized
two-stage approach: (1) screen organized peptide pools using day-7 expanded CD8 T
cells and (2) test deconvoluted individual peptides using day 10 expanded CD8 T cells
all from a single vial of cryopreserved PBMC. This allowed the extensive analysis and
characterization of CD8 T cell responses to 794 PTE HIV-1 Gag peptides with one sample
of 107 cryopreserved PBMCs enabling a direct comparison of approaches using consensus,
global and cohort PTE peptides. Epitope mapping experiments are an invaluable tool for
providing mechanistic insights into vaccine efficacy and viral control. By reducing the
PBMC sample constraint of epitope mapping experiments and improving the efficiency of
the peptide library through cohort-specific design it may be feasible to expand the coverage
of epitope mapping experiments to larger regions of the HIV-1 genome including envelope,
which is now commonly included in vaccine candidates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines11020472/s1, Supplementary Figure S1: Epitope identifi-
cation strategy; Supplementary Figure S2: Overall density of the lengths of the determined epitopes;
Supplementary Figure S3: Analysis of quality of response induced by epitopes that required a
non-consensus peptide and those that were detected by the consensus peptide; and Supplementary
Figure S4: Distribution of the different length epitopes to the different epitope groupings.
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