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Abstract

The genetic diversity of circulating HIV-1 strains poses a major barrier to the design, development 

and evaluation of HIV-1 vaccines. The assessment of both vaccine- and natural infection-elicited T 

cell responses is commonly done with multivalent peptides that are designed to maximally capture 

the diversity of potential T cell epitopes (PTEs) observed in natural circulating sequences. 

However, depending on the sequence diversity of viral subtypes and number of the HIV 

immunogens under investigation, PTE estimates, including HLA-guided computational methods, 

can easily generate enormous peptide libraries. Evaluation of T cell epitope specificity using such 

extensive peptide libraries is usually limited by sample availability, even for high-throughput and 

robust epitope mapping techniques like ELISpot assays. Here we describe a novel, two-step 

protocol for in-vitro polyclonal expansion of CD8 T cells from a single vial of frozen PBMC, 

which facilitated the screening 441 HIV-1 Gag peptides for immune responses among 32 HIV-1 

positive subjects and 40 HIV-1 negative subjects for peptide qualification. Using a pooled-peptide 

mapping strategy, epitopes were mapped in two sequential ELISpot assays; the first ELISpot 

screened 33 large peptide pools using CD8 T cells expanded for 7 days, while the second step 

tested pool-matrix peptides to identify individual peptides using CD8 T cells expanded for 10 

days. These comprehensive epitope screening established the breadth and magnitude of HIV-1 
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Gag-specific CD8 T cellsand further revealed the extent of immune responses to variable/

polymorphic epitopes.
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1 Introduction

A successful and effective human immunodeficiency virus-1 (HIV-1) vaccine will likely 

have to stimulate both the cellular and humoral arms of the immune response. Both will 

need to address the genetic diversity and plasticity of the virus that permits the presentation 

of diverse variants, including escape mutations, of epitopes to the immune system. This 

requires the successful vaccine candidate to be one composed of epitopes able to elicit 

broadly reactive immune responses (1) (2). In T cell based vaccine development, the use of 

consensus sequences in the design and screening of epitopes has shown that some epitope 

variants in circulating strains can be missed (3). Therefore, for relevant HIV-1 T cell-based 

vaccine development, a broader assessment of vaccine-elicited T cell responses to 

circulating strains is vital. Multivalent-based vaccine immunogens have been considered as 

one approach to deal with the variability of HIV-1 strains (4) (5). This approach uses 

circulating viral sequences to generate the minimal set of multivalent sequences that include 

the maximal diversity of epitopes observed in the circulating viral strains.

T cells are activated upon recognition of peptide antigens on major histocompatibility 

complex (MHC) molecules. CD8 T cells are particularly responsive to peptide antigens that 

are 8–10 amino acids long with the majority being 9 amino acids (6) (7). Thus, any peptide 

of the appropriate length, embedded in HIV viral proteins can potentially function as a T cell 

epitope. However, depending on the number of circulating strains considered and the size 

and level of variability of the genomic region under consideration, the prediction of potential 

T-cell epitopes (PTE) covering circulating HIV-1 strains can easily result in peptide libraries 

of several hundred peptides. Predictive in-silico approaches have been used to economically 

and effectively predict the most relevant epitopes from sequences of circulating HIV-1 

strains but even these approaches can result in extensive peptide libraries (8) (9) (10) (11). In 

clinical research, the use of the interferon gamma (IFNγ) ELISpot assay has proven to be an 

essential tool for screening of such extensive peptide libraries (12) (13), but even such a 

robust and high-throughput assay can still be limited by test sample availability. In 

particular, a key time point sample might not be sufficient for repeated measurements or for 

use in different experimental approaches. The classical approach of plating each peptide in 

its own well during ELISpot is precise but limited by the availability of test sample. The 

complexity of assessing epitope specific T cell responses in sensitive and specific T-cell 

assays, one peptide at a time, would make the assessment of extensive peptide libraries 

virtually impossible. This has been mitigated with the use of peptide pools and peptide 

matrix pools for single peptide deconvolution, which reduces the number of test wells 

without significantly compromising the specificity of the ELISpot procedure (12) (14). 

However, with these approaches at least two test sample allotments would be needed to 
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screen the pools and then test deconvoluted individual peptides to identify specific T-cell 

epitopes (12) (14) (15).

To harness the high-throughput screening efficiency of the ELISpot assay and to further 

maximise the availability of limited clinical samples, we employed an in vitro polyclonal 

expansion procedure using a CD3/CD4 bi-specific monoclonal antibody (BSMAB) to 

generate CD8 T cells for testing of a large library of peptide in ELISpot (16, 17). In this 

approach, epitopes are mapped in two sequential ELISpot assays using two timepoints of 

polyclonal CD8 T cell expansion from a single vial of cryopreserved peripheral blood 

mononuclear cells (PBMC); the first assay, after seven days of expansion, screens large 

peptide pools and the second assay, after an additional three days of expansion, tests 

individual peptides contained in the pools that scored positive in the first assay (12, 14). We 

evaluated response specificities and magnitudes of in vitro polyclonal expanded CD8 T cell 

to HIV-1 Gag PTE 15-mer peptides designed by two different epitope mapping strategies: 

overlapping peptides designed from a subtype C consensus sequence (121 peptides) and 

peptides designed from worldwide circulating viral sequences that included variants of the 

same epitope (320 peptides). We show that polyclonal expanded CD8 T cells from PBMCs 

are sensitive and specific to antigenic stimulation and provide an effective and reliable 

option to maximize limited samples availability.

2 Materials and Methods

2.1 Study participants

All samples were collected under different study protocols at African Clinical Research 

Centres (CRCs) sponsored by the International AIDS Vaccine Initiative (IAVI). PBMC 

samples were isolated from blood samples collected with written informed donor consent. 

Protocols included sampling of healthy HIV-1 uninfected participants and sampling of 32 

HIV-1-infected participants at approximately 365 days post Estimated Date of Infection 

(EDI) (Table 1). The HIV-1 positive participants were part of an IAVI-sponsored Protocol C 

study cohort where over 3,000 plasma and PBMC samples from 286 Zambian participants 

were collected at the Zambia-Emory HIV Research Project (ZEHRP) laboratories. Protocol 

C was a prospective, observational, multi-centre study conducted between February 2006 

and December 2011 to evaluate laboratory, clinical, immunologic and viral markers of 

disease progression in recently HIV-infected volunteers (18, 19). Figure 1 shows the 

frequency of HLA-A, -B and -C of the participants selected for study. HLA genotyping was 

done as described previously on genomic DNA extracted from whole blood or buffy coats 

(Qama blood kit; Qiagen) using PCR with commercial sequence-specific primers for two-

digit specificity (20). The study was reviewed and approved by the Emory University 

Institutional Review and University of Zambia Research Ethics Committee.

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) all from Sigma 

(St. Louis, Mo.) at a concentration of 10×106 cells/vial. PBMC were thawed with culture 
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medium; RPMI 1640 medium supplemented with penicillin (100U/mL), streptomycin 

(100μg/mL), L-glutamine (2 mM), sodium pyruvate (1 mM), HEPES buffer solution 

(10mM) and 10% or 20% FBS (R10 or R20 media respectively), all from Sigma.

2.3 CD8 T cell expansion

On day 0, PBMC were thawed, washed with R20 medium and cultured at 1.0–1.5×106 

cells/mL in R10 with IL-2 at 50U/mL (R10/50) and CD3/CD4 bi-specific antibody at 

0.5μg/ml in an upright T25 culture flask, used for a starting culture volume of 2–5mL 

medium (16). The volume of culture medium was doubled on day 3 (same T25 flask placed 

horizontally) and again on day 5 of cell culture (when the culture was transferred to T75 

flask) with R10/50. On day 7 of culture, cells were counted and approximately two-thirds of 

the cell population (approximately 18×106 cells from an initial culture of 10 × 106 PBMC) 

were removed from culture for the first ELISpot with peptide pools. Prior to the first 

ELISpot, cells were washed twice with 20ml PBS and once with 5ml R10. The cells were 

re-suspended in R20 without IL-2 and rested at 2.0×106 cells/mL in a fresh T75 flask at 

37°C for 22–26hrs (day 8). The remaining cells were continued in culture, doubling the 

culture volume at days 7 and 9 with R10/50. On Day 10 cells were harvested, washed twice 

with 20mL 1x PBS and once with 5mL R10 cells and re-suspended in R20 at 2.0×106 

cells/mL in a fresh T75 flask. Cells were rested at 37°C for 22–26hrs before proceeding with 

a second ELISpot (day 11). Typical expanded CD8 T cell culture purities at day 7 were at 

least 90% CD8+ T cells (17) (21).

2.4 Synthetic peptides

Two main sets of HIV-1 Gag protein peptides were used in this study. The first set consisted 

of 121 Consensus clade C Gag 15 amino acid (aa) peptides (15mer) with 11 aa overlap 

between peptides, covering the whole length of the Gag protein (NIH AIDS Reagents 

Program cat. 8118: HIV-1 Consensus C Gag Peptide Set, catalogue # 12756: HIV-1 

Consensus C Gag Peptide Pool). The second set of 320 peptides were generated from 

sequences from worldwide circulating strains of HIV-1 in the LANL database (https://

www.hiv.lanl.gov/content/index) using predictive algorithms to define potential T cell 

epitopes (PTE) (9) (NIH AIDS Reagents Program catalogue # 11554: HIV-1 PTE Gag 

Peptide Set and catalogue # 12437: HIV-1 PTE Gag Peptide Pool). This PTE set is 

commonly referred to as global PTE (22) and includes multiple variants of some peptides 

that are representative of circulating viruses, thereby overcoming the lack of variation in 

consensus peptides. The global PTE set is designed to cover the largest number of epitopes 

in the aa sequences of HIV-1 strains worldwide with a relatively small number of peptides, 

which would be practically manageable in laboratory assays.

Three additional large peptide pool sets were used for the evaluation of polyclonally 

expanded CD8 T cell specificities. These included; pooled 138 HCMV pp65 15-mer 

peptides (NIH AIDS Reagents Program cat. 11549), pooled 320 group M HIV-1 gag 15-mer 

peptides (NIH AIDS Reagents Program cat. 12437; peptide pool designed to represent the 

most frequent potential T cell epitopes (PTE) of HIV-1 Gag embedded in the sequences of 

circulating strains of HIV-1 worldwide), and a panel of 127 HIV-1 Nef peptides (NIH AIDS 

Reagents Program cat. 11553; peptide panel designed to permit expression of the most 
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frequent potential T cell epitopes (PTE) of HIV-1 Nef embedded in the sequences of 

circulating strains of HIV-1 worldwide). These three proteins were selected as they typically 

elicit specific responses in most HIV-1 positive participants. All peptide concentrations were 

adjusted to be used at a final concentration of 1.5 – 2.0 µg/mL in an ELISpot well of 150µL 

assay medium volume.

2.5 Global Peptide design algorithm

The global peptide set is a publicly available reagent whose design is described by Li et al., 

(11) using a Potential T cell Epitopes (PTE) predicting algorithm. The algorithms work by 

selecting peptides to provide optimal coverage of an amino-acid sequence alignment. From 

the alignments, two sets of peptides are generated: (A) all 9mers representing potential 

epitopes and (B) all unique 15mers forming a pool of peptides to select from. Peptide 

selection begins by selecting a 15mer from (B) that provides maximal coverage of 9mers in 

(A), taking their frequency in the alignment into account. 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. 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 provides less 

than 10% additional coverage of epitopes in the alignment). The peptide selection process is 

facilitated and guided by selected worldwide HLA-I molecules.

2.6 Design of peptide matrices

The two main sets of consensus and global peptides were organised into a 15-pool and 18-

pool 3D-matrix for the consensus and global peptide sets respectively. The organisation was 

such that, within a given peptide matrix, each peptide was represented in three different 

peptide pools and the pools positioned one at each matric axis i.e. each axis pools contained 

all the peptides in a given set but differentially sorted among the pools. This allowed the 

identification of the respective peptide by responses in the three corresponding pools. The 

consensus pools composition ranged between 21–25 peptides per pool (median of 24 

peptides) and the global PTE peptide sets ranged between 43–63 peptides per pool (median 

52 peptides). Additionally, global PTE peptides were combined in families representing 

different variants (single aa substitutions) of the same epitope (see supplemental information 

on pool matrices). The final assay concentration of each peptide within a peptide pool or 

single deconvoluted peptide was 2.0μg/mL in 150μL of assay medium volume.

2.7 Two-step IFNγ ELISpot assays with in vivo expanded CD8 T cells

A two-step ELISpot assay approach was adapted to include a peptide pool matrix-screening 

step with a subsequent deconvoluted individual peptides analysis step (23) (Figure 2). The 

polyclonal CD8 T cell expansion extended the availability of limited, one time-point, clinical 

sample that allowed for a comprehensive characterization of T cell responses to evaluate a 

large set of 441 peptides covering the HIV-1 Gag protein using ELISPOT assay. The 

ELISpot assay procedures have been previously described (24). Briefly, day 7 polyclonal 

expanded and 24 hour rested (no IL2) CD8 T cells were recovered, viably counted 

(Beckman Coulter Vi-Cell XR) and plated in 96-well anti-IFNγ pre-coated flat bottom 

PVDF culture plates (25) (Mabtech, Nacka, Sweden) at 2X105 cells per well with stimuli. A 
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no-cell well was used to access medium background. Non-specific IFNγ secretion by CD8 

T cells was assessed by culture with 0.45% dimethyl sulphoxide (DMSO) (Sigma) in R10 

(used as mock as peptides were dissolved on DMSO). 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 (24). 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 peptide 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 on assay validation and peptide qualification using 

IAVI sample PBMCs, a positive response was defined as a CD8 T cell ELISpot assay 

response to stimulant that averaged ≥38 SFU/106 CD8 T cells (mock-subtracted) and was > 

4x the average mock back ground (or greater than 0 if the background was 0) (24, 25, 26).

2.8 Epitope predictions

The immune epitope database (IEDB) (https://www.iedb.org) and analysis resource used in 

the prediction of MHC-I binding of 9mer epitopes, identified epitopes in both consensus and 

global PTE 15mer peptides that were subsequently used as evaluation peptide sets (27). An 

IEDB percentile ranking score value of ≤ 1 % was used as a cut-off threshold for selecting 

high binding affinity 9mer epitopes as defined by our 32 HIV-1 positive samples HLA-I 

molecules (27, 28, 29, 30). The relative mapping of the predicted high affinity epitopes to 

the HBX2 HIV-1 gag protein sequence was compared to the mapping and coverage of the 

peptides determined from the ELISpot responses of polyclonal expanded CD8 T cells to the 

consensus and global peptide sets.

2.9 Comparison of IFNγ ELISpot responses of CD8 T cells isolated from PBMC or 
expanded CD8 T cells

IFNγ ELISpot responses of CD8 T cells isolated from PBMC or expanded CD8 T cells were 

assessed in a subset of samples from 6 HIV+ participants. CD8 T cells were expanded for 7 

days, harvested, washed and rested as above. At this point additional vials of the same 

frozen PBMC samples were thawed and rested overnight in R20 medium. CD8 T cells were 

negatively selected from both expanded cells and PBMC in parallel using the MACS 

Miltenyi Biotec® CD8+ T Cell Isolation kit, Cat. 130–096-495 (Miltenyi Biotec, Bisley, 

UK), according to the package insert. The two-step ELISpot approach to deconvolute 

individual peptide specificities was not possible with CD8 T cells isolated directly from 

PBMC without polyclonal expansion due to limitations in PBMC number and number of 

negatively selected CD8 T cells derived from these PBMC. Comparisons of IFNγ ELISpot 

response specificities and magnitudes of either directly isolated or polyclonally expanded 

CD8 T cells were assessed by use of three peptide pools; CMVpp65, HIV-1 group M Gag 

and Nef peptide pools, along with mock and PHA controls.
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2.10 Statistical analysis

Sequence alignment and analysis were performed using sequence analysis programs Jalview 

V.2 (31) and MEGA7 (32). Statistical analysis and graphical presentation were performed 

using GraphPad Prism 6 for Microsoft Windows v6.01. Group comparisons and effects/

treatment correlations were performed using the Wilcoxon signed-rank test (data had right-

skewed distributions) and the Spearman rank correlation test (linear regression used to 

determine the slope) respectively. Statistical results were given either as medians with 25% 

and 75% percentile ranges, sample group means or spearman’s rho (r) as required by the 

test. Significant was given as per test p-value (not-significant [ns] for p > 0.05).

3 Results

3.1 Comparison of bispecific antibody-expanded and directly negatively isolated CD8 T 
cells

To extend sample availability from the same time point for the evaluation of the extensive 

HIV-1 gag peptide library, we employed a T cell expansion protocol that non-specifically 

expanded polyclonal CD8 T cells. To ensure we did not significantly lose or gain CD8 T cell 

specificities during the expansion procedure we compared ELISpot responses of negatively 

selected CD8 T cells isolated from both PBMC and cells that had undergone 7 days of 

polyclonal CD8 T cell expansion (Figure 3). Correlation analysis showed a positive and 

moderate correlation in ELISpot SFU magnitudes between direct negatively isolated CD8 T 

cells from PBMC and CD8 T cells that had undergone polyclonal expansion and an 

additional CD8 T cell isolation step (spearman r = 0.67, p = 0.002), but with a result 

discrepancy of 0/18 paired ELISpot read outs (100% +ve/-ve result congruence). There was 

an instance of a difference between paired read outs in SFU magnitude were one value (1.7 

Log10 SFU/106 PBMC) was closer to the set threshold (1.58 Log10 SFU/106 cells) defining 

a positive response compared to the respective pair value (2.7 Log10 SFU/106 CD8 T cells), 

howbeit, both responses qualified as positive responses.

We further analysed T-cell response magnitudes between our different CD8 T-cell 

comparator groups using Wilcoxon matched-pairs signed rank test. There was no significant 

difference in SFU/106 CD8 T cells median values, p-value = 0.83 (Median [25%, 75% 

percentiles]); direct negatively isolated CD8 T-cell from PBMC (3.0 [2.6, 3.3]) Log10 

SFU/106 CD8 T cells), and polyclonally expanded and isolated CD8 T cells (3.0 [2.7, 3.2] 

Log10 SFU/106 CD8 T cells). In-vitro polyclonal expanded CD8 T cells display similar 

antigen sensitivity as PBMC CD8 T cells even after several days of polyclonal expansion.

3.2 A two-step ELISpot-assay for epitope mapping

Our two-step ELISpot assay relied on the use of polyclonal day 7 and day 10 expanded CD8 

T cells from the same PBMC sample to screen a large peptide set for PTEs. To assess 

consistency in expanded CD8 T cell responses, we compared the responses of day 7 and day 

10 polyclonal expanded CD8 T cells to peptide pools. Correlation analysis of day 7 and 10 

polyclonal expanded CD8 T cell responses to both consensus and global peptide pools 

showed a positive and significant correlation (consensus peptide pools spearman r = 0.87, p 

< 0.0001 and global peptide pools spearman r = 0.85, p < 0.0001) (Figure 4).
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An analysis of the response agreement between day 7 and day 10 polyclonal expanded CD8 

T-cell showed that responses to the global peptide pools had a +ve/-ve result congruence in 

314/340 (92%) paired ELISpot read outs while response to the consensus peptide pools had 

a +ve/-ve result congruence in 262/288 (91%) paired ELISpot read outs. For both peptide 

sets, the discrepant results were mostly in sample wells that registered SFU read values of 

below 2.0 log10 SFU/106 CD8 T cells. Response magnitude comparison using the Wilcoxon 

signed rank test showed a significant difference in response magnitudes with the day 10 

CD8 T-cell registering higher median responses to both global and consensus peptide pools 

(Median [25%, 75% percentiles]); consensus peptide pools, day 7 vs day 10 CD8 T cells, 2.0 

[0.5, 2.5] Log10 SFU/106 CD8 T cells vs 2.2 [0.5, 2.8] Log10 SFU/106 CD8 T cells p < 

0.0001 and global peptide pools, day 7 vs day 10 CD8 T-cell, 1.8 [0.2, 2.4] Log10 SFU/106 

CD8 T cells vs 1.9 [0.0, 2.7] Log10 SFU/106 CD8 T cells p < 0.0001. Day-7 and day-10 

polyclonal expanded CD8 T cells had similar antigenic pool specificity and sensitivity even 

though the latter exhibited higher responsivity in SFU magnitudes.

3.3 Qualification of HIV-1 gag peptides using HIV negative samples

Previously, we defined a positive IFNγ ELISpot response as one having a mock subtracted 

response to stimulation of ≥38 SFU/106 (1.58 Log10 SFU/106) cells and ≥4-fold SFU value 

over mock, a criteria aimed at a false positive rate of < 2% (24) (25). For the qualification of 

our HIV-1 gag peptides, we used 7 days polyclonal in vitro expanded CD8 T cells from 32 

HIV-1 positive and 40 HIV-1 negative participant PBMCs to demonstrate expected 

responses from pathogen infected and uninfected participants, respectively, stimulated with 

peptide pools. Responses from 64 triplicate medium control (mock) wells using HIV-1 

positive 7 day in vitro expanded CD8 T cells were used to estimate the limit of detection of 

our experimental set-up. The means of these triplicates ranged from 0 to 6.67 SFU per well 

of CD8 T cells (mean 0.8, SD 1.5 SFU per well). The median of the triplicate background 

means was 0.3 SFU per well with the 25th and 75th percentiles of 0.0 and 1.0 SFU per well, 

respectively (Figure 5A). Subsequent stimulation of our CD8 T cells for antigen specific 

responses was done using pooled peptides. The range of SFU detected in CD8 T cells from 

pathogen un-exposed participants would validate the cut-off for true positive sample 

responses observed with HIV-1 positive samples. The 121 consensus peptides were arranged 

into a 3D matrix of peptide pools with each axis having 5 peptide pools that contained all the 

consensus peptides while the 320 global peptides were designed into a 6-pool per axis 3D 

matrix with each axis containing all the global peptides; the peptides allocated to different 

pools to allow individual peptide deconvolution (12). Each matrix axis set of peptide pools 

was used to stimulate day 7 polyclonal expanded CD8 T cells from different sets of HIV-1 

negative samples (n=11–15). Responses to mock stimulation of the HIV-1 negative 

polyclonal expanded CD8 T cells averaged a low 1.45 SFU/106 CD8 T cells, with a range of 

0 – 8.75 SFU (min-max). Mock subtracted SFU responses by the HIV-1 negative samples to 

HIV-1 gag peptide pools were also low (mean [consensus] = 0.97 SFU/106 CD8 T cells 

range: 0–10 SFU (Figure 5B) and mean [global] = 3.34 SFU/106 CD8 T cells range: 0–

428.8 SFU/106 CD8 T cells (data not shown). HIV-1 negative sample cumulative 

distribution of SFU/106 cells ELISpot responses to both consensus and global peptide pools 

determined a 97.5 percentile upper response limit of 5 and 10 SFU/106 cells for consensus 

and global peptide pools respectively. However, since the responses to the global included 
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two unusually high SFU values, 53.75 SFU/106 CD8 T cells and 428.80 SFU/106 CD8 T 

cells, we used the interquartile range (IQR) approach to create outlier fences that determined 

several SFU values as outliers, including the two high values: 13.13, 15.00,16.25, 53.75 and 

428.8 SFU/106 CD8 T cells (data not shown). The exclusion of the outliers resulted in mock 

subtracted SFU response data set with a low mean SFU value of 1.23 SFU/106 CD8 T cells 

(range: 0–10 SFU SFU/106 CD8 T cells) and a 97.5 percentile upper response limit of 7.5 

SFU/106 cells (Figure 5C).

Thus, our use of ≥1.58 Log10 SFU/106 CD8 T cells as the threshold defining positive pool or 

peptide responses in the 32 HIV-1 positive samples ensured a higher degree of confidence in 

the observed positive results as true positives (Figure 6).

3.4 Consensus and Global response peptide mapping

Epitopes were mapped in two sequential ELISpot assays; the first ELISpot screened matrix 

peptide pools, while the second tested individual peptides. Positive peptide pools from the 

ELISpot assay with day 7 polyclonal expanded CD8 T cells dictated the deconvolution of 

single peptides using the 3D pool matrices. These individual peptides were analysed using 

day 10 expanded polyclonal CD8 T cells from the same samples as the matrix peptide pools. 

ELISpot on deconvoluted peptides identified 38/121 consensus and 71/320 global unique 

reactive peptides from polyclonal expanded CD8 T cells from the HIV-1 positive participant 

samples. We also developed additional comparator sets of peptides by using the immune 

epitope database (IEDB) (https://www.iedb.org) to predict within the consensus or global 

peptides sets 9mers that could bind to HLA-I molecules expressed by the expanded CD8 T 

cells (27, 30, 33). The IEDB predicted 115 and 419 peptides, within the consensus and 

global peptides sets respectively, using the specified percentile ranking score value of <=1% 

as a cut-off threshold for the selection of high binding affinity epitopes (27, 28, 29, 30).

Comparatively aligning of all the consensus and global ELISpot positive peptides to the 

HBX2 HIV-1 gag 500 amino acid sequence, we counted and plotted the number of peptides 

aligned at each position (Figure 7 upper panel spectrum). The count of peptides aligned at 

each HBX2 HIV-1 gag protein position showed the global peptides averaged a count of 2 

peptides compared to a consensus peptides’ average of 1 peptide covering the HBX2 HIV-1 

gag protein positions, with a maximum count of 9 peptides and 4 peptides respectively. 

Using the HBX2 HIV-1 gag protein sequence for reference, all the identified ELISpot 

positive peptides from both the consensus and global peptide sets were mapped back to 

determine their relative positions within the gag protein. All peptides from the consensus 

and global sets mapped to relatively the same regions suggesting similar immunodominant 

hotspot targets underlying observed response peptides in both the consensus and global 

peptide sets (34) (Figure 7 middle panels). The alignments also showed that the global 

peptide covered 371/500 while the consensus peptides covered 305/500 of the HBX2 HIV-1 

gag protein positions representing a 71% and 61% coverage respectively. The predicted 

epitope peptides alignment translated to higher HBX2 HIV-1 gag protein coverage of 86% 

and 93% for the consensus and global predicted epitopes respectively. However, the covered 

region of the HBX2 HIV-1 gag protein by the observed ELISpot positive consensus (61%) 
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and global (71%) peptides fell within the regions covered by the predicted high binding 

affinity epitopes (not shown).

Unlike the consensus peptide set, the global peptide set included multiple variants of the 

same peptide. Thus, the higher number of ELISpot positive peptides within the global 

peptide set yet with a comparable coverage and similarity in the mapped peptide target 

regions to consensus peptides can only be explained by the polyclonal expanded CD8 T cells 

being able to detect variants of the same target region within the global peptide sets (figure 7 

lower panel logo). Taken together, these results suggest the ability of the polyclonal 

expanded CD8 T cells to not only detect and respond to high binding affinity targets but also 

exhibit target variance response plasticity.

4 Discussion

In this study, we evaluated an immunological assays using in-vitro polyclonally expanded 

CD8 T cells and HIV-1 gag protein peptides designed with two different strategies: peptides 

corresponding to either consensus sequences or worldwide circulating viral sequences that 

included known variants. We employed a two-step ELISpot assay for the identification of 

CD8 T-cell responses in an extensive HIV-1 gag peptide library by first screening peptides 

pools to deconvolute single peptides for testing. CD8 T cells were expanded from a single 

vial of frozen PBMC by a 7-day and 10-day in-vitro polyclonal expansion of CD8 T cells 

for the first and second ELISpot assays respectively. Compared with CD8 T cells isolated 

directly from PBMC, we show that 7- and 10-day polyclonal expanded CD8 T cells were 

both sensitive and specific to stimulation using HIV-1 gag antigenic peptides.

The in-vitro expansion of CD8 T cells increased the application of the ELISpot assay by 

extending the availability of samples. The in-vitro expanded CD8 T cells have been shown 

to have a predominantly central memory phenotype (CD45RO+/CD27+) and some effector 

memory (CD45RO+/CD27-), with the expansion process resulting in a 4.9 fold (minimum 3 

fold) increase from starting PBMC to >83% CD8+ cells by day 7 of cell expansion (17). 

Central memory T cells are thought to be the main effector cells in the cultured ELISpot 

assay and have been argued to have increased sensitivity compared to the standard ELISpot 

assay (35). In a viral inhibition assay, assessing the ability of CD8 T cells to inhibit HIV-1 

replication, it was also shown that bispecific antibody expanded CD8 T cells demonstrated 

similar HIV-1 inhibition capacity compared with CD8 T cells directly isolated from PBMC 

(17).

Comparing day 7 and day 10 polyclonal expanded CD8 T cells we observed mean higher 

response magnitudes in day 10 CD8 T cells and some discrepancy in the congruence of 

positive peptide pool responses. The protocol we used for the in-vitro expansion of CD8 T 

cells from PBMC progresses with a selective proliferation of CD8+ T cells with purities of 

about 83% CD8 T cells by day 7 of expansion and reaching over 90% CD8 T cells by day 10 

(17, 21, 36). Serial dilution experiments of ELISpot samples have shown a linear 

relationship in the response magnitude and plated cells in the wells which has an effect of 

increasing the target cell population with increased PBMC plated per well (37). As we 

controlled for cell numbers, 2×105 cell per well, and cell viability of samples used in the 
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ELISpot assay, the only obvious variability was a difference in CD8 T cells in day 7 vs day 

10 expanded cell populations; the superior CD8 T-cell response in SFU magnitude could be 

explained the slightly higher proportion of CD8 T cells by day 10 of cell expansion.

The IFNγ ELISpot assay has proven a versatile and robust method for immune monitoring 

that has allowed the detection of both immunodominant and subdominant T-cell specific 

antigens at the single-cell level. However, currently no consensus method is agreed on what 

defines a positive and relevant ELISpot result. The empirical approaches for ELISpot 

response determination have proven sufficient for clear-cut results that are obtained with a 

low background and high signal-to-noise resolution, with SFU values of over 4 fold over 

negative controls (38) (39) (40). However, more sensitivity enhanced approaches including 

the statistical definition of positive ELISpot results have been demonstrated to be required 

for subdominant and weak T-cell responses (37). Most of the response discrepancies 

between 7-day and 10-day expanded CD8 T cells from the same sample were in low SFU 

responses that probably would have needed a higher replicate well set-up and a statistical 

determination of the results to be certain of the discrepancy (38, 39, 40, 37).

Bioinformatic approaches are also currently being employed to contribute to the design of 

epitope-based vaccines with a goal to streamline and effectively interpret proteome data 

(41). The Li et al., study describes a bioinformatics approach in the global peptide set design 

(9) that resulted in a large peptide library of 1708 15-mer peptides covering HIV-1 Gag, Pol, 

Nef and Env HIV-1 proteins. Hence, for epitope mapping of the whole HIV-1 proteome, the 

use of peptide pools and matrices with the ELISpot assay has proved to be a more 

convenient and efficient approach to flow-cytometry approaches as it allows assessing of 

large peptide sets easily without compromising the detection of immunologically relevant 

epitopes. In our set up, the largest pool comprised of 63 peptides which is far less than larger 

pools of up to 134 15-mer peptides that were shown not to be inhibitive to specific responses 

of HIV-1 specific T-cell to known epitopes in the pools (23). Another bioinformatics 

approach we used in this study is the prediction of peptide-MHC binding as the basis of 

anticipating T cell epitopes (42). We used the IEDB to predict, within the consensus and 

global peptides sets, high binding affinity epitopes whose coverage of the HBX2 HIV-1 gag 

protein encompassed the target regions of our polyclonal expanded CD8 T cells responses.

In this set of experiments, we set out to evaluate the potential of mapping, from a single 

cryopreserved vial of ~ 10 million PBMC, responses of in-vitro polyclonal expanded CD8 T 

cells to an extensive peptide library using the gamma-interferon ELISPOT assay. We show 

that an in-vitro polyclonal expansion of CD8 T cells from PBMCs to extend clinical sample 

availability is both a feasible and strategic option to augment the already robust potential of 

the IFNγ ELISpot assay using expanded CD8 T cells that are both sensitive and specific to 

antigen stimulation.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• In-vitro polyclonal expansion of CD8 T-cells facilitated the screening of 

hundreds of HIV-1 epitopes per individual.

• The efficiency of ELISpot assays was improved through peptide pool matrices 

that allowed single peptide deconvolution.
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Figure 1. Distribution of HLA class I alleles in study participants.
Allele frequencies of three HLA class I genes are based on 32 HIV-1 positive subjects who 

donated PBMC samples for analyses of CD8 T-cell responses to HIV-1 Gag protein 

peptides.
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Figure 2. Two-step ELISpot assay with in vivo expanded CD8 T cells.
A two-step ELISpot assay approach was adapted to include a peptide pool matrix-screening 

step with a subsequent deconvoluted individual peptides analysis step for the screening of a 

large peptide library for potential T cell epitopes. Limited clinical sample was extended 

through an in vivo CD8 T cell expansion from PBMC; 7 day expanded CD8 T cells for the 

1st ELISpot assays and an extra 3 days of expansion for 2nd ELISpot CD8 T cells.
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Figure 3. Directly PBMC isolated and polyclonally expanded CD8 T cell IFNγ ELISpot 
responses.
Responses to a set of 3 peptide pools, selected for their high probability to trigger a response 

in most of all HIV-1 positive participants, were compared between CD8 T cells negatively 

isolated from PBMC and from polyclonally expanded CD8 T cells. The peptide pools used 

included: HCMV pp65 (135 peptides), HIV-1 group M gag (320 peptides), and HIV-1 nef 

(127 peptides), all from the NIH AIDS reagent programme. Responses between direct 

PBMC isolated CD8 T cell and polyclonally expanded and isolated CD8 T cells from the 

same sample were correlated using spearman correlation rank test (left panel) and response 

magnitudes compared using wilcoxon matched pairs signed rank test (right panel). The 

dashed line indicates the positive response threshold of 1.58 Log10 SFC/106 CD8 T cells.
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Figure 4. The comparison of 1st and 2nd ELISpot polyclonally expanded CD8 T-cell response 
specificities to HIV-1 gag peptide pools.
Panels of 121 consensus and 320 global 15-mer peptides were organised into 15-pool and 

18-pool 3D-matrices respectively. The first ELISpot screened large peptide pool panels 

using day 7 polyclonal expanded CD8 T cells and the positive peptide pools were re-

confirmed on the second ELISpot assay using day 10 polyclonal expanded CD8 T cells. 

Positive pool responses between day 7 polyclonal expanded CD8 T cells and day 10 

polyclonally expanded CD8 T cells from the same samples were correlated using spearman 

correlation rank test (top panels) and response magnitudes compared using wilcoxon 

matched pairs signed rank test (bottom panels): consensus (left panels) and global peptides 

(right panels). Each spot indicates the SFU magnitude of CD8 T cell response to a pool of 

HIV-1 gag peptides. The dashed (lower panels) line indicates the positive response threshold 

of 1.58 Log10 SFC/10E6 CD8 T cells.
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Figure 5. Cumulative distribution of ELISpot responses.
(A) The ELISpot assay limit of detection was defined as the lowest number of SFU that 

would distinguish a stimulated from unstimulated control well. The limited of detection was 

estimated using the means of triplicate medium control (mock) responses using polyclonal 

in vitro expanded CD8 T cell derived from HIV-1 positive participant samples PBMCs used 

at 2 × 105 cells per well. (B and C) Peptide pools were used to stimulate polyclonal in vitro 

expanded CD8 T cells from HIV-1 negative participants to assess the SFU distribution of 

negative responses that can be used to determine the cut-off for true positive sample 

responses observed with HIV-1 positive samples. Cumulative distribution of 40 HIV-1 

negative sample SFU/106 CD8 T-cell ELISpot responses to both consensus (B) and global 

(C) peptide pools with inserts showing the medium, mean, SD and the 97.5 percentile of the 

HIV-1 negative samples’ responses.
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Figure 6. IFN-γ ELISpot mock corrected SFU/106 cell responses for polyclonal expanded CD8 T 
cells from 40 HIV seronegative (A) and 32 HIV seropositive samples (B).
HIV-1 gag peptide pools were used to stimulate polyclonal in-vitro expanded CD8 T cells to 

compare responses to a previously determined response threshold (dotted line = 38SFU/106 

cells) defining a positive response to stimulation in the ELISpot assay. Each spot indicates 

the SFU magnitude of CD8 T cell response to a pool of HIV-1 gag peptides and the bar 

associated with each pool represents the average CD8 T cell SFU response to the pool 

peptides.
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Figure 7. Mapping of ELISpot positive peptides to the 500aa of the HBX2 HIV-1 gag protein 
sequence.
Epitopes were mapped in two subsequent ELISpot assays; the first ELISpot screened large 

peptide pools, while the second tested individual peptides. Determined response peptides 

were mapped to the HBX2 HIV-1 gag protein reference sequence to determine their relative 

locations. (Upper panel spectrum) Consensus and global peptides that elicited a positive 

ELISpot response with polyclonal expanded CD8 T cells were comparatively aligned to the 

HBX2 HIV-1 gag proteins. The number of peptides covering each gag protein sequence 

position was counted and plotted for each peptide set and the total coverage of the entire gag 

protein sequence determined. (Middle panels) Mapping of the positive ELISpot peptides 

from the consensus and global peptide sets to the HXB2 HIV-1 gag protein sequence 

positions and (lower panel) sequence logo of positive peptides from a select region on the 

Gag protein showing response global peptide sequence variations.
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Table 1.

HIV-1 positive participants characteristics (n=32)

Gender Female 19

Male 13

Age (years) Median (Min-Max) 33 (19–59)

Mean (SD) 34±9

Day post EDI Median (Min-Max) 339 (324–393)

Mean± SD 347±17

CD4 Count (cells/ul) Median (Min-Max) 580(241–1,010)

Mean± SD 559±191

Viral load (copies/ml) Median (Min-Max) 8,640(156–18,500)

Mean± SD 8,576±5,854

Mode of infection Heterosexual discordant couples

Infectious subtype HIV-1 subtype C
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