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Introduction: Immunological protection against human immunodeficiency
virus-1 (HIV-1) infection is likely to require both humoral and cell-mediated
immune responses, the latter involving cytotoxic CD8 T-cells. Characterisation
of CD8 T-cell mediated direct anti-viral activity would provide understanding
of potential correlates of immune protection and identification of critical
epitopes associated with HIV-1 control.

Methods: The present report describes a functional viral inhibition assay (VIA)
to assess CD8 T-cell-mediated inhibition of replication of a large and diverse
panel of 45 HIV-1 infectious molecular clones (IMC) engineered with a Renilla
reniformis luciferase reporter gene (LucR), referred to as IMC-LucR. HIV-1 IMC
replication in CD4 T-cells and CD8 T-cell mediated inhibition was
characterised in both ART naive subjects living with HIV-1 covering a broad
human leukocyte antigen (HLA) distribution and compared with uninfected
subjects.

Results & discussion: CD4 and CD8 T-cell lines were established from subjects
vaccinated with a candidate HIV-1 vaccine and provided standard positive
controls for both assay quality control and facilitating training and technology
transfer. The assay was successfully established across 3 clinical research
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centres in Kenya, Uganda and the United Kingdom and shown to be
reproducible. This IMC-LucR VIA enables characterisation of functional CD8
T-cell responses providing a tool for rational T-cell immunogen design of HIV-
1 vaccine candidates and evaluation of vaccine-induced T-cell responses in
HIV-1 clinical trials.

KEYWORDS

HIV, CD8 T-cells, viral inhibition, infection, T-cell response, transmitted founder,
infectious molecular clones

Introduction

Immunological protection against infection with human
immunodeficiency virus-1 (HIV-1) is likely to require both
humoral and cell-mediated immune responses (1-4) with
cytotoxic CD8 T-cells being a key component of the cellular
immune response to viral infection (4-6). Unlike the antibody
field where several functional assays are available to assess the
breath and potency of antibodies for vaccine design and
assessment (7-9), the CD8 T-cell field has not had such a tool
to date. Rather than assessing surrogates of potentially anti-viral
T-cell functions, such as cytokine production in response to
HIV-1 peptides, characterisation of T-cell mediated direct anti-
viral activity provides a more direct understanding of potential
correlates of CD8 T-cell efficacy and identification of functional
epitopes and proteins targeted by T-cell that are associated with
control of viral replication, thereby providing tools for rational
T-cell immunogen design, development of effective vaccine
candidates and predictive functional assays to assess future
HIV vaccine candidates. Previous studies have shown that
unlike the interferon (IFN)-y enzyme-linked immunospot
(ELISpot) and flow cytometry assays currently used to assess
HIV vaccine candidates (10-12), the VIA correlates with in vivo
virus control (13-18) and demonstrates the ability of the Merck’s
adenovirus type-5 (Ad5) vector to suppress only vaccine
matched viruses (19).

Previously we and others developed and applied a functional
viral inhibition assay (VIA) to assess CD8 T-cell mediated
inhibition of HIV-1 replication in studies of HIV-1
pathogenesis (16, 20) and also in HIV-1 vaccine trials,
including phase I and efficacy trials (19, 21-23). In these
assays HIV-1 replication and productive infection in
autologous CD4 T-cells was assessed by measuring HIV-1 p24
protein release into culture supernatants with inhibition shown
to be major histocompatibility complex (MHC) class I
dependent. A less labour-intensive modified VIA assessed CD8
T-cell-mediated inhibition of replication of HIV-1 infectious
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molecular clones (IMC) engineered with a Renilla reniformis
luciferase reporter gene (LucR), referred to as IMC-LucR VIA
(24-29). IMC-LucR luciferase activity in cell cultures measured
by light emission was shown to positively correlate with
productive HIV-1 replication measured by p24 release (25).
This novel IMC-LucR VIA allows for the assessment of CD8
T-cell-mediated inhibition with a larger panel of IMC compared
to the previous method.

HIV-1 vaccine candidates designed to elicit HIV-1 specific
T-cell responses and tested in STEP/Phambili (30-32),
HVTN505 (33), and HVIN 705 (34) efficacy studies were
shown to be ineffective in preventing HIV-1 transmission. One
possible reason for such failure is the narrow breadth of the
vaccine induced T-cell response, with an average of 1-2 epitopes
recognised per volunteer. Assessment of inhibition of HIV-1
replication mediated by vaccinees’ CD8 T-cells in vitro,
demonstrated that the only effective inhibition was observed
towards HIV-1 isolates closely matched to the HIV-1 sequences
inserted into the vaccine vectors (19). Although these regimens
did not protect against HIV-1 transmission and showed limited
reduction in viremia in vaccinees who subsequently acquired
HIV-1, T-cell responses to 3 or more HIV-1 Gag peptides in
STEP vaccinees who acquired HIV-1 were associated with a half-
log reduction in viremia, compared with subjects without Gag
responses (35, 36). Future vaccine candidates designed to elicit
cellular responses would no doubt have a higher chance of
success if HIV-1 specific CD8 T-cells were elicited that were
able to recognise and inhibit a wider breadth of circulating HIV-
1 isolates.

Within the context of studies of the cellular response, the
immense sequence diversity of world-wide circulating HIV-1
isolates coupled with the significant virus bottleneck during
transmission (37-39) would warrant an assessment of the
ability of T-cells to recognise and respond to this global
diversity and focus on transmitted/founder (T/F) viruses in
studies of HIV-1 pathogenesis and in novel immunogen
design for humoral and cellular vaccination. We have
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addressed this diversity within the VIA by developing a diverse
panel of HIV-1 IMC-LucR of different clades and derived from
different risk groups and geographic regions to enhance coverage
of transmitted and circulating HIV-1 sequences as potential
targets for vaccine elicited immune responses. The approach for
characterising these panels drew inspiration from the strategy
employed in developing HIV pseudovirus panels for identifying
and characterising broadly neutralising HIV-1 antibodies (26,
27, 29, 40-44). IMC-LucR representing HIV-1 T/F viruses
derived from subjects with early acquisition of HIV-1
(Protocol C) (45-47) were assessed within the IMC-LucR VIA
for their ability to infect and replicate within PBMCs derived
from both HIV-1 uninfected volunteers and from ART naive
subjects living with HIV, selected for their broad coverage of
human leukocyte antigen (HLA) haplotypes present with the
population and identified as having an ability for virus control
(28, 45, 48).

The selection of appropriate and diverse HIV-1 IMC-LucR
panels that reflects circulating T/F virus diversity will enable
meaningful characterisation of efficacious CD8 T-cell responses,
thereby facilitating both rational design of vaccine candidates
and their evaluation in clinical trial.

Materials and methods
Subjects

Subjects were drawn from IAVT's Protocol C, a large
prospective cohort of 613 volunteers living with HIV (45).
Briefly, PBMCs from 13 Protocol C cohort ART naive subjects
living with HIV-1 from Uganda, Rwanda, Zambia, and South
Africa were selected based on their controller status and Class I
HLA allele phenotype to provide bi-specific antibody expanded
CD4 and CD8 T-cells to characterise both virus replication and
any inhibition of replication, respectively. The characteristics of
these 13 volunteers including their plasma viral loads, CD4 T-
cell count, estimated time from infection, gender, country,
controller status and Class I HLA distribution has been
described in detail elsewhere (28, 48, 49).

Cell lines

293T/17 [HEK 293T/17] cells were obtained from the
American Type Culture Collection (ATCC CRL-11268). TZM-
bl dual-reporter cell line was obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH: TZM-bl
ARP-8129, contributed by Dr. John C. Kappes, Dr. Xiaoyun
Wu and Tranzyme Inc. Both cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% V/V
HIFCS, 10 mM Hepes, 100 U/mL penicillin and streptomycin
(all Sigma, UK) at 37°C + 5% CO,.
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HIV-1 transmitted founder identification
and T/F derived infectious molecular
clone construction

The construction of T/F IMCs CH077.t (GenBank JN944941),
CH106.c (GenBank JN944942) (24), CH505.s (50) and
ZM247F_V2 (51) have been described previously. The
construction of the recombinant IMC pNIL4-3 (52) and IMCs
from Protocol C isolates UG.191947 and UG.191882 have also
been described previously (53). For plasma viruses from the
remaining acutely infected individuals from Protocol C, near
full-length single genome amplicons (NFLSGA) were sequenced
within approximated 30 days from infection using PacBio® single
molecule, long-read sequencing (Pacific Biosciences, Menlo Park,
CA, USA) and the Multilayer Directed Phasing and Sequencing
(MDPSeq) algorithm (54). Transmitted/founder (T/F) viral
sequences were defined in Geneious v9.1.8 (Biomatters,
Aukland, NZ) as described previously (46, 47, 55). Two
methods of IMC cloning were utilised; for the majority, near
full-length amplicons corresponding to the T/F virus sequence
and derived using the Qs® High-Fidelity DNA Polymerase (New
England Biolabs, MA, USA) were cloned directly at Emory
University, Atlanta, USA as described previously (55, 56). The
remaining clones were assembled using In-Fusion HD cloning at
Emory University, Atlanta, USA and University of Alabama,
Birmingham, USA (UAB) from three chemically synthesised
fragments (GenScript Biotech, NJ, USA) representing the entire
T/F virus sequence with two long terminal repeat (LTRs) as
described previously (47). Biological properties (replication
capacities, neutralisation sensitivity) of the Rwandan IMCs are
described elsewhere (Yue et al., manuscript in preparation).

Construction of Renilla luciferase
reporter IMC for VIA

We have previously described the generation of replication-
competent Renilla luciferase reporter-expressing HIV-1 IMC (24,
25, 27, 29) and the subsequent optimisation utilising a modified
encephalomyocarditis virus (EMCV) internal ribosome entry site
(IRES) element, collectively referred to as IMC-LucR.6ATRi,
including CHO77.t-LucR.6ATRi (K4472) and CH505.s-
LucR.6ATRi (K4474) (26, 27). To complement the panel of T/F
IMC described above, corresponding IMC-LucR.6ATRi were
constructed at UAB, using essentially the same molecular design
for the insertion of the reporter cassette between the env and nef
open reading frames (ORFs). IMC-LucR.6ATRi proviral plasmids
were derived by one of two approaches utilising In-Fusion HD
cloning: either by inserting the LucR.6ATRI cassette into an
already constructed T/F IMC proviral plasmids derived as
described above; or by assembling three chemically synthesised
fragments (GenScript Biotech, NJ, USA) representing the entire T/
F virus sequence with two LTRs similarly as described previously,

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1029029
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fernandez et al.

but after first inserting the LucR.6ATRi reporter cassette into the
3rd fragment encompassing env and nef ORFs and 3’ LTR.
Resulting IMC-LucR.6ATRi proviral plasmids are named
by their IMC ID, followed by the extension “-LucR.6ATRi”,
e.g., p.CH106.c-LucR.6ATRi, or p.UG.191996-LucR.6ATRi
(Supplementary Table 1).

Generation and characterisation of HIV-1
IMC-LucR

Virus stocks of HIV-1 IMC-LucR clones were generated by
proviral DNA transfection of 293T/17 cells as previously
described (24, 25, 57). Briefly, 3-5x10° 293T/17 cells were
seeded in a T75 culture flask one day prior to transfection.
Alternatively, 293T/17 cells were seeded into 6-well plates at
5x10° cells per well. 12u1g of DNA in DMEM was transfected
using Fu GENE 6 (Promega Ltd., UK), according to
manufacturer’s instructions. After 6 hours, transfection
medium was replaced with fresh medium. Viral supernatants
were harvested and filtered through 0.45um filters at 48-60
hours post-transfection, and aliquots were frozen at -80°C.

The fifty-percent Tissue-Culture Infectious Dose (TCID50)
per mL of the generated virus stocks were determined as
previously described (25, 57). Serial dilutions of viruses were
added to a 96-well flat bottom plates in quadruplicate followed
by 100,000 TZM-bl cells in the presence of 10 ig DEAE-Dextran
(Merck Life Science Ltd., UK) per mL. Plates were incubated at
37°C + 5% CO, for 48 hours and 100 pL culture medium was
carefully removed from each well and replaced with luciferase
reporter gene assay system reagent (BriteLite Plus Assay System,
PerkinElmer Ltd., UK). Luminescence was measured after 3
minutes incubation using a Tecan Infinite M200Pro plate reader
(Tecan Ltd., Switzerland).

Alternatively, the virus stocks were also titered on the TZM-
bl reporter cell line to determine infectious units (IU)/mL by
enumeration of B-galactosidase (3-gal)-stained cells as described
previously (24, 58).

IMC-LucR viral inhibition assay

The CD4 and CD8 T-cell populations were polyclonally
expanded from PBMC by culture for 7 days in RPMI 1640
medium with 10% HIFCS and 50 units per ml interleukin-2 (IL-
2) (R10/50) and with 0.5 pg/mL CD3/CD8 and CD3/CD4 bi-
specific antibody respectively (Professor Johnson Wong,
Harvard Medical School, USA). On day 7, 1x10° viable CD4
T-cells were centrifuged in 15mL tubes at 250g for 10 min and
supernatants decanted with most of the residual volume
aspirated. Cells were infected with HIV-1 IMC-LucR.6ATRi
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viruses added at a multiplicity of infection (MOI) of 0.1 and
spinoculated at 1800g for 2 hours at ambient temperature. Cells
resuspended at 1x10° cells/mL in R10/50 and 100 puL CD4 T-
cells (100,000 cells) were placed in duplicate wells of a 96-well
flat bottom white plate. On the same day, expanded CD8 T-cell
were resuspended at 1x10° cells/mL in fresh R10/50 and cultured
in 24-well culture plates. Both the CD8 and infected CD4 T-cells
were incubated in parallel at 37°C/5% CO, for 3 days. CD8 T-
cells were then recovered, centrifuged at 250g/10 min,
supernatant decanted and resuspended in an equal volume of
R10/50. 100uL CD8 T-cells or R10/50 media were added to the
infected CD4 T-cells in duplicate and incubated for an
additional 5 days. On day 8 post-CD4 T-cell infection, 100 UL
of supernatant were carefully removed from wells and 100 uL
Renilla-Glo' " Luciferase Assay System (Promega Ltd., UK)
added and incubated in the dark at room temperature for 3
minutes on a rocking platform. Luminescence activity was
measured using a Tecan Infinite M200Pro plate reader (Tecan
Ltd., Switzerland). Luciferase activity in relative light units
(RLU) was determined as a measure of viral replication. CD8
T-cell-mediated inhibition was expressed as log;o reduction in
RLU of CD4/CD8 T-cell co-cultures, compared with cultures of
infected CD4 T-cells alone. A value of >0.8 log;, inhibition was
considered positive (25).

In silico assessment of epitope coverage

To evaluate the contribution of each virus sequence, the
proteome files were assessed using an in-silico algorithm. The use
of CD8 T-cell epitope prediction tools to assess predicted epitope
diversity by assigning a coverage gain value to each sequence has
been previously described for both HIV-1 (48, 59) and SARS-CoV-
2 (60). Whereas previously these values were used to rank each virus
proteome for the coverage it provides within the sample population
it would also be possible to evaluate specific virus proteomes for the
coverage they offer versus a larger population.

Briefly, for each virus proteome a NetMHCpan simulation is
performed against distinct Human Leukocyte Antigen (HLA)
sequences and the resulting files for each virus proteome are
then filtered to extract the peptide, HLA, and rank binding
where the rank binding is < 2. These data are then loaded into a
PostgreSQL database where an analysis tool is implemented in
SQL stored procedures to identify key peptides which appear in
at least X viruses’ strains. The conservation metric X is defaulted
to 2.2% of the total number of viruses initially being analysed.
The analysis tool then selects the virus that contributes the
highest number of these key peptides. The selected virus and
associated key peptides are then removed from the process and
the next virus that contributes the next highest of the remaining
key peptides is selected and so on.
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HIV-specific CD4 and CD8 T-cell lines

As with other functional assays, the inclusion of suitable
controls for use as a benchmark of assay performance is critical,
particularly for application to clinical trials. Larger scale cultures
of CD8 T-cell lines enriched for recognition of HIV-1 peptides
and autologous CD4 T-cell lines were generated (Makinde et al.,
manuscript in preparation) from a recipient of a HIV-1 vaccine
candidate enrolled into a phase I, randomised, double-blind,
placebo-controlled clinical trial (IAVI B001, NCT00851383)
conducted to assess the safety and immunogenicity of
escalating doses of two recombinant replication defective
Adenovirus type-35 (Ad35) vectors containing HIV-1 subtype
A gag, reverse transcriptase, integrase and nef genes (Ad35-
GRIN) and HIV-1 subtype A env (Ad35-ENV). The trial
enrolled 56 healthy HIV-uninfected adults (61).

B001 vaccine recipients were assessed for the breadth and
specificity of T-cell responses to peptides matched to the HIV-1
sequence insert used for this vaccine regimen (21). ELISpot
peptide matrices were used to identify peptides recognised by
each vaccinee. Donor 139 from this B001 study responded to
overlapping peptides PPIPVGNIYKRWIIL (HIVgage4),
VGNIYKRWIILGLNK (HIVgages) and YKRWIILGLNKIVRM
(HIVgaggs) containing the KRWIILGLNK epitope found within
the p24 region of HIV-1 Gag protein presented by the HLA
B*2705 allele.

Polyclonal HIV-1-specific CD8 T-cell lines and matched
CD4 T-cell lines were generated from peripheral blood
mononuclear cells of donor 139 as follows. For Gag-specific
CD8 T-cells, blood cells were stimulated with HIVgag64-66
peptides at 1 pg/mL prior to surface labelling with IFN-y and
TNF-0, reagent conjugated to Phycoerythrin (Miltenyi Biotech)
according to the manufacturer’s instructions. Antigen-specific
cells were sorted on a FACS Aria II (BD biosciences), and grown
in R10 media (RPMI 1640 medium containing 10 mM Hepes 2
mM L-glutamine, 1 mM sodium pyruvate, 100 units/mL
penicillin, 0.1 mg/mL streptomycin and 10% v/v heat
inactivated fetal bovine serum, all from Sigma, UK)
supplemented with 100units/mL recombinant human IL-2
(Peprotech UK), 12.5ug/mL recombinant human IL-15
(Biolegend USA), 1% Human serum (Sigma, UK), lug/mL
Phytohemagglutinin (PHA) (Sigma, UK), and containing
mixed irradiated allogeneic feeders from three unrelated
donors. After 5 days in culture cell lines were maintained in
the same media with the exclusion of the allogeneic feeder cells,
and PHA, and cryopreserved at Day 20. Donor 139 CD4 T-cells
were isolated using a Miltenyi Biotech CD4 T-cell isolation kit
and expanded in the same way as the CD8 T-cell line. Prior to
assay set up, frozen vials of CD4 and CD8 T-cell lines were
thawed and washed in 10 ml of RO (RPMI 1640 medium
containing 10 mM Hepes, 2 mM L-glutamine, 1 mM sodium
pyruvate, 100 units/mL penicillin and 0.1 mg/mL streptomycin,
all from Sigma, UK) supplemented with 10 uL of Benzonase ®
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(Novagen, Denmark), and rested overnight in R20 (RPMI 1640
medium containing 10 mM Hepes, 2 mM L-glutamine, 1 mM
sodium pyruvate, 100 units/mL penicillin and 0.1 mg/mL
streptomycin and 20% v/v heat inactivated fetal bovine serum,
all from Sigma, UK) prior to use in the assay.

Statistical analysis

Data were analysed using GraphPad Prism version 9.3.1 for
Windows, GraphPad Software, San Diego, California USA.

A two-tailed non-parametric Spearman test was used to
compute correlation coefficients between two datasets. A two-
tailed non-parametric Wilcoxon matched pairs signed rank test
was used to determine significant differences between two sets of
paired values. A non-parametric Mann-Whitney test was used to
determine significant differences between two sets of unpaired
values. Raw data values were unadjusted for all statistical
analyses. The threshold for significance was defined as p < 0.05.

Ethics

Work was approved by the local ethics review boards,
including the Rwanda National Ethics Committee, the Uganda
Virus Research Institute Science and Ethics Committee
(currently the UVRI Research Ethics Committee) and the
Uganda National Council of Science and Technology, the
University of Cape Town Health Science Research and Ethics
Committee, the University of Zambia Research Ethics
Committee, and the Emory University Institutional Review
Board. Written informed consent was obtained from
all participants.

Results

Generation of infectious stocks of HIV-1
IMC-LucR and replication in CD4 T-cells

45 infectious molecular clone LucR virus stocks (IMC-LucR)
were successfully produced to greater than 10° TCID50 per mL
by transfection with IMC-LucR plasmids.

Following infection at an MOI of 0.1, all 45 IMC-LucR
replicated in CD4 T-cells expanded from PBMC from both
ART naive subjects living with HIV-1 (Figure 1, left panel)
and HIV-1 uninfected subjects (Figure 1, right panel)
determined by luminescence in relative light units (RLU) as
aresult of LucR protein expression following 8 days of culture
of infected CD4 T-cells. Comparing median paired IMC-
LucR RLU values for replication in CD4 T-cells from either
ART naive subjects living with HIV-1 or uninfected subjects

demonstrated a strong positive correlation (r = 0.8933,
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Subjects living with HIV-1

10.3389/fimmu.2022.1029029

HIV-1 uninfected subjects
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FIGURE 1

HIV-1 IMC-LucR replication in expanded CD4 T-cells. Replication in expanded CD4 T-cells from ART naive subjects living with HIV-1 (on the left
panel), and HIV-1 uninfected subjects (on the right panel) arranged by IMC HIV-1 clade (A-D) and Recombinant). Replication is measured as RLU
of CD4 T-cell cultures at 8 days post-infection. Each data point represents the mean RLU of duplicated values for each subject's CD4 T-cells
infected with a specific HIV-1 IMC-LucR. Bars represent RLU median with interquartile range. The dotted line represents the assay optimal RLU

(>1000).

p<0.0001, Spearman correlation, Figure 2A), although RLU
values were significantly higher for CD4 T-cells from
uninfected subjects (mean 54541, median 46343, IQR 26119
- 70267) compared with from ART naive subjects living with
HIV-1 (mean 24750, median 17343, IQR 5988 - 35819) (p
<0.0001, Wilcoxon test, Figure 2B).

Plasmids for 3 of these 45 IMC-LucR: UG.191859-
LucR.6ATRi (clade D), UG.191997-LucR.6ATRi and
UG.194318-LucR.6ATRi (Recombinant) could not be

produced in sufficient quantities to allow inclusion in future
studies on a consistent basis.

Since RLU values of 1000 or more for HIV-1 infected CD4
T-cells is necessary to allow detection of any reduction in RLU
values following co-culture with autologous CD8 T-cells, 7 of 45
IMC-LucR were excluded from further study. These viruses
[R.175010-LucR.6ATRi, R.175038-LucR.6ATRi (clade A),
R.175072-LucR.6ATRi, Z.235036-LucR.6ATRi, Z.235216-
LucR.6ATRi, Z.235217-LucR.6ATRi (clade C) and R.175097-
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FIGURE 2

Subjects

Replication of HIV-1 IMC-LucR in expanded CD4 T-cells from ART naive subjects living with HIV-1 or HIV-1 uninfected subjects. (A) Spearman
correlation between replication of HIV-1 IMC-LucR in expanded CD4 T-cells from ART naive subjects living with HIV-1 or HIV-1 uninfected subjects.
(B) Scatter plot of the same data with medians of the groups (bar) and p value generated with a Wilcoxon test. Each data point represents the
median RLU of an IMC-LucR replicating in expanded CD4 T-cells from ART naive subjects living with HIV-1 or HIV-1 uninfected subjects.
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LucR.6ATRi (Recombinant)] replicated with RLU values below
1000 in CD4 T-cells from more than 2 ART naive subjects living
with HIV-1. Three of these viruses (Z.235036-LucR.6ATRi,
7.235216-LucR.6ATRi and Z.235217-LucR.6ATRi) also
exhibited lower RLU values for some HIV uninfected subjects.

Thus, for 35 of these IMC-LucR, stocks were successfully
produced with an optimal TCID50 and replicated consistently in
CD4 T-cells from both subject groups above a 1000 RLU value.
Therefore, 35 of the 45 HIV-1 IMC-LucR were further assessed
for studies of CD8 T-cell-mediated inhibition.

HIV-1 inhibition by CD8 T-cells

There was a wide range of values for CD8 T-cell-mediated
inhibition of replication of the 35 IMC-LucR in autologous CD4
T-cells. All 35 IMC-LucR were inhibited by CD8 T-cells above
the 0.8 log;, value for at least 4 of the 13 ART naive subjects
living with HIV-1 (Figure 3, left panel). HIV-1 IMC-LucR
R.175089-LucR.6ATRi (Recombinant) was inhibited by CD8
T-cells from all subjects tested. Median log;, inhibition values
for each IMC-LucR across the 13 ART naive subjects living with
HIV-1 ranged from 0.650 to 1.610.

In comparison with the above data, CD8 T-cells from HIV-1
uninfected subjects mediated much lower levels of inhibition of
IMC-LucR replication (Figure 3, right panel, and Figure 4B, p <
0.0001, Wilcoxon test). Median log;, inhibition values for each

Subjects living with HIV-1

R.175019-LucR.6ATRi}
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IMC-LucR across the 6 HIV-1 uninfected subjects ranged from
0.205 to 0.955. Median log, inhibition marginally above the 0.8
log; value was observed for 2 of the 35 IMC-LucR: R.175059-
LucR.6ATRi (clade A) and R.175089-LucR.6ATRi
(Recombinant) at 0.955 and 0.935 respectively.

There was no significant correlation between median
inhibition values for CD8 T-cells derived from ART naive
subjects living with HIV-1 and uninfected subjects (r = 0.1321,
p = 0.4495, Spearman correlation, Figure 4A), however, there
were notable instances of higher levels of inhibition of a
particular IMC-LucR in both subject groups. The high level of
inhibition of IMC-LucR R.175089-LucR.6ATRi mediated by
CD8 T-cells from ART naive subjects living with HIV-1 stated
above (all 13 subjects inhibiting with median inhibition of 1.61
log,o) was paralleled by inhibition observed in 4 of the 6 HIV-1
uninfected subjects with a high median level of inhibition
at 0.935.

There was no significant correlation between the level of
IMC-LucR replication (median RLU) and log;, inhibition values
both for ART naive subjects living with HIV-1 (r = 0.0937, p =
0.5923) or uninfected subjects (r = 0.06629, p = 0.7052). In other
words, higher HIV-1 replication did not provide a bigger target
for and thereby allow for greater inhibition by CD8 T-cells.
Conversely, there was no evidence that higher HIV-1 replication
overcame any CD8 T-cell-mediated inhibition of replication as
higher HIV-1 replication was not associated with reduced CD8
T-cell-mediated inhibition within the IMC-LucR VIA cultures.
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CD8 T-cell-mediated inhibition of HIV-1 replication in autologous CD4 T-cells. Inhibition in T-cell cultures from ART naive subjects living with
HIV-1 (on the left panel), and HIV-1 uninfected subjects (on the right panel) arranged by IMC HIV-1 clade (A-D), and Recombinant). Inhibition is
measured as log;o reduction RLU of CD4 and CD8 T-cell co-cultures compared with infected CD4 T-cells alone. Each data point represents

the mean RLU of duplicated values for each CD4 T-cell infected with a specific HIV-1 IMC-LucR. Bars represent RLU median with interquartile
range. The dotted line represents the assay positivity value (>0.8 log).
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Subjects

Inhibition mediated by CD8 T-cells from ART naive subjects living with HIV-1 and HIV-1 uninfected subjects. (A) Spearman correlation between
inhibition of HIV-1 IMC-LucR in ART naive subjects living with HIV-1 or HIV-1 uninfected subjects. (B) Scatter plot of the same data with
medians of the groups (bar) and p value generated with a Wilcoxon test. Each data point represents the median log;g inhibition of an IMC-LucR
mediated by CD8 T-cells from ART naive subjects living with HIV-1 or HIV-1 uninfected subjects.

Protocol C HIV-1 epitope coverage by
HIV-1 IMC-LucR

The use of CD8 T-cell epitope prediction tools to assess
predicted epitope diversity by assigning a coverage gain value to
each sequence has been previously applied for HIV (McGowan
et al,, 2021). Whereas previously these values were used to rank
each virus proteome for the coverage it provides within the
sample population, ordering the sequences of the 35 IMCs
identified as being functional within the IMC-LucR VIA and
applying the previously identified frequency and binding
thresholds to calculate the number of unique epitope/HLA
interactions, the contribution of each viral sequence can be
determined. These values are used to assign a cumulative

Cumulative epitope coverage

0.0

epitope coverage gain value to each sequence which enables
each virus proteome to be ranked for the coverage it provides
within the sample population.

Using this model, the 35 IMC-LucR sequences can be
stratified into distinct panels based on the cumulative epitope
coverage gain they offer versus the total landscape of predicted
CD8 T-cell epitopes within Protocol C (Figure 5, Table 1). Panel
1 comprises the best 10 IMC-LucR and offers a cumulative
epitope coverage of 55.4%; panel 2 comprises the best 20 IMC-
LucR and offers a cumulative epitope coverage of 72.3%; whereas
panel 3 comprises all 35 IMC-LucR and offers a cumulative
epitope coverage of 84.0% against total landscape of predicted
CD8 T-cell epitopes within Protocol C. In addition to the
cumulative epitope coverage, it is also possible to calculate the

rr T r T
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

IMC-LucR

FIGURE 5

Coverage distribution plot for 35 full length HIV-1 Transmitted/founder proteome sequences, representing the cumulative epitope coverage
provided against a larger proteome cohort (N=218). Dotted lines reflect cumulative predictive epitope coverage for each potential panel

(identified through dashed lines)

Frontiers in Immunology

08

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1029029
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fernandez et al.

10.3389/fimmu.2022.1029029

TABLE 1 Cumulative and individual epitope coverage score across the HIV-1 strains.

Number IMC-LucR Name Country Clade Cumulative Epitope Individual Epitope GenBank Accession Number*
Coverage Coverage
1 CHO77.t-LucR.6ATRi USA B 0.1275 0.0311 JN944909
2 UG.191955-LucR6ATRi  Uganda A/D 0.1938 0.0302 MWO006055
3 ZM247F_V2-LucR6ATRi ~ Zambia C 0.2902 0.0309 FJ496207
4 CH106.c-LucR.6ATRi USA B 03494 0.0308 JN944897
5 UG.191996-LucR6ATRi ~ Uganda A/D 03743 0.0301 MW006056
6 7.235239-LucR 6ATRi Zambia C 0.4245 0.0306 KR820421
7 UG.275031-LucR6ATRi  Uganda 0.4639 0.0305 MW006081
8 7.305144-LucR.GATRi Zambia 0.4972 0.0309 N/A
9 NL4-3-LucR.6ATRi USA 05273 0.0310 AF324493
10 UG.193008-LucR6ATRi  Uganda A/D 05538 0.0307 MW006063
11 R.175059-LucR.6ATRi Rwanda A 0.5847 0.0222 MT942819
12 UG.191696-LucR6ATRi  Uganda A/D 0.6029 0.0212 MW006053
13 R.175090-LucR.6ATRi Rwanda A 0.6233 0.0226 MT942927
14 R.175019-LucR.6ATRi Rwanda A 0.6431 0.0229 MT942773
15 KE.210011-LucR6ATRi ~ Kenya A/D 0.6548 0.0225 KU749427
16 UG.191947-LucR6ATRi  Uganda A/D 0.6640 0.0221 KF716504
17 R.175053-LucR.6ATRi Rwanda A/C 0.6936 0.0226 MT942802
18 UG.194535-LucR6ATRi  Uganda D 0.7040 0.0224 KF716480
19 7.235219-LucR 6ATRi Zambia C 0.7109 0.0227 KR820366
20 KE.210023-LucR6ATRi ~ Kenya A/C 0.7225 0.0229 KU749429
21 UG.191882-LucR6ATRi  Uganda 0.7307 0.0226 KF716503
22 2.235214-LucR 6ATRi Zambia C 0.7388 0.0228 KR820323
23 R.175020-LucR.6ATRi Rwanda A 0.7506 0.0223 MT942776
24 UG.191923-LucR6ATRi ~ Uganda A/D 0.7656 0.0223 MWO006054
25 CH505.s-LucR. 6ATRi USA C 0.7777 0.0098 N/A
26 R.175014-LucR 6ATRi Rwanda A 0.7844 0.0218 MT942748
27 UG.194289-LucR.6ATRi  Uganda D 0.7989 0.0219 MWO006068
28 KE.220898-LucR6ATRi  Kenya A/D 0.8051 0.0221 KF716468
29 2.305123-LucR.6ATRi Zambia C 0.8134 0.0226 MT195515
30 UG.193006-LucR6ATRi ~ Uganda A/C/D 0.8180 0.0227 MW006062
31 R.175089-LucR.6ATRi Rwanda A/IC 0.8230 0.0223 MT942914
32 7.235227-LucR.6ATRi Zambia C 0.8319 0.0220 KR820393
33 UG.194346-LucR6ATRi ~ Uganda A/D 0.8353 0.0224 MWO006071
34 7.235092-LucR.6ATRi Zambia C 0.8393 0.0227 MT194496
35 UKZN498-LucR6ATRi ~ South Africa  C 0.8403 0.0090 KC424096

*GenBank Accession number representing the proviral DNA sequence of each Transmitted/Founder virus.

N/A, Not Available.

individual contribution each IMC is providing to epitope
coverage, and this can be used as a confounding metric when
evaluating the VIA profile of a particular CD8 T-cell sample
using these IMC-LucR panels.

HIV-1 specific CD4 and CD8 T-cell lines
as IMC-LucR VIA assay controls

Expanded and cryopreserved HIV-specific CD8 T-cell lines
and autologous CD4 T-cell lines are currently used as
standardised internal assay controls in each batch of the IMC-
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LucR VIA. They allow for assessment of intra and inter-
laboratory variation in assay performance and may be used in
laboratory scientist training and subsequent demonstration
of proficiency.

Figure 6A displays RLU values for replication of 2 IMC-
LucR in the positive control CD4 T-cell line and Figure 6B
displays log;, inhibition mediated by the autologous CD8 T-cell
line. Data represents the repeated assays conducted on different
occasions at 3 Clinical Research Centres (CRC) situated in
Kenya (KEMRI-Wellcome Trust Research Programme),
Uganda (MRC/UVRI and LSHTM Uganda Research Unit)
and the United Kingdom (IAVI-Human Immunology
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Performance of positive control CD4 and CD8 T-cell lines in the IMC-LucR VIA across 3 laboratories. (A) Replication of IMC-LucR in CD4 T-cell
line measured by RLU and (B) Inhibition of IMC-LucR replication mediated by an autologous CD8 T-cell line measured by log;, reduction in
RLU of CD4 and CD8 T-cell line co-cultures compared with infected CD4 T-cell line alone. Bars represent median values. Triplicate data for
laboratories 1 and 2 were analysed using a Mann-Whitney test. The dotted line represents the assay positivity value (>0.8 log10)

Laboratory), following initial assay training. Two centres have
triplicate assay data and one centre duplicate assay data, the
latter therefore, not being included in statistical analyses. There
were no significant differences across the two laboratories in
either RLU values for replication of IMC-LucR1 and IMC-LucR2
in CD4 T-cells lines (p = 0.4000, p = 0.7000 respectively) or log;,
inhibition mediated by the CD8 T-cell line (p =0.2000, p =
0.1000 respectively, Mann-Whitney test). RLU and inhibition
values obtained by the third centre were similar to values
provided by the other two centres.

Discussion

The immense sequence diversity of HIV-1 continues to be a
considerable barrier to the development of an effective vaccine.
Understanding the nature of highly potent and broadly cross
reactive anti-viral T-cells in both natural HIV-1 infection and
following administration of prophylactic vaccine candidates in
uninfected subjects, provides a tool for the rational development
of T-cell immunogens and assessment of vaccines in clinical
studies and studies of somewhat unique subjects, such as those
living with HIV-1 who are able to naturally control HIV-1 in
vivo in the absence of anti-retroviral therapy. An additional
consideration is the genetic bottleneck that exists during
transmission such that infection is founded in the donor by
only 1 or 2 quasi-species from the recipient (39)

The present report is focused on one key aspect of anti-viral
immunity, that of the functional anti-viral CD8 T-cell response
to HIV-1. The immense diversity of HIV-1 also complicates
assessments of such immune responses in vitro. Unlike the
interferon (IFN)-y enzyme-linked immunospot (ELISpot) and
flow cytometry assays currently used to assess HIV vaccine
candidates (10-12), the VIA correlates with in vivo virus
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control (13-18). In vitro assessments allowing full
identification of HIV-1 epitopes recognised by T-cells requires
laboratory assays employing stimuli consisting of very large sets
of HIV-1 peptides to capture the full proteome diversity of HIV-
1. Our own group has addressed this recently by use of IFN-y
ELISpot assay and a set of 1408 potential T-cell epitope (PTE)
peptides to assess HIV-1 epitope recognition by CD8 T-cells
derived from ART naive subjects living with HIV-1 (28, 62).
Using a smaller but still clade-diverse panel of 10 IMC-LucR, the
breadth of CD8 T-cell mediated HIV-1 inhibition in terms of the
number of IMC inhibited, was significantly positively correlated
with the number of PTE peptides recognised by CD8 T-
cells (28).

Complimentary to the ability to determine HIV-1 epitope
recognition by CD8 T-cells, is the ability to also assess the extent
that these CD8 T-cells may mediate direct inhibition of HIV-1
replication in vitro, in this case by use of IMC-LucR in the VIA.
Unlike the HIV antibody field where functional antibody
neutralisation assays have been critical to identify antibodies
with breadth and potency for immunogen design or passive
administration (9), the cellular field has not had a functional
assay to identify T-cells with breadth and potency against diverse
strains of replication competent viruses. Use of diverse HIV-1
IMC-LucR in the VIA paired with identification of the HIV-1
PTE peptides recognised by CD8 T-cells will allow associations
to be made between targeting of particular epitopes and the
extent of inhibition of HIV-1 IMC containing those epitopes.
Such assessments can be made in the context of natural control
or lack of control of HIV-1 replication in vivo in ART naive
subjects living with HIV-1 as well as in the context of studies of
therapeutic treatments or structured treatment interruptions
designed to potentially elicit or enhance CD8 T-cell responses
to HIV-1in ART naive subjects living with HIV-1 receiving anti-
retroviral therapy.
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We have addressed diversity of transmitted HIV-1 within
the IMC-LucR VIA by selecting a panel of 35 HIV-1 IMC-LucR
of different clades and derived from different risk groups and
geographic regions to enhance coverage of HIV-1 sequences. In
most subjects, acquisition of HIV-1 appears to be due to
transmission of a single virus or transmitted/founder (T/F)
virus (37, 38). The majority of IMC were TFV isolates derived
from subjects with recent HIV-1 acquisition (45-47, 63) with
such isolates being those that vaccine elicited immune responses
would potentially need to target in order to prevent HIV-1
transmission or limit subsequent HIV-1 replication. The ability
of CD8 T-cells from ART naive subjects living with HIV-1 to
inhibit these IMC was assessed, with subjects selected with broad
coverage of HLA types present with the large protocol C cohort.
In this IMC-LucR VIA applied to ART naive subjects living with
HIV-1, inhibition of the test IMC-LucR can be clearly
determined as use of IMC-LucR overcomes the issue of co-
detection of replication of both the input IMC tested and any
endogenous HIV-1.

In terms of replication of IMC-LucR in CD4 T-cells, there
was a wide range in median RLU values across the initial 45 IMC
tested. These RLU values were consistent between CD4 T-cells
from ART naive subjects living with HIV-1 and HIV-1
uninfected subjects with a strong and significant positive
correlation, indicating levels of replication are primarily due to
virus isolate specific factors. However, there was a higher level of
HIV-1 replication in CD4 T-cells from uninfected subjects. The
potential reasons for this difference in level of HIV-1 replication
were not investigated in this study, the most plausible reason
being some impairment of CD4 T-cell function in ART naive
subjects living with HIV-1 compared with uninfected subjects.

Of the 45 IMC-LucR tested, stocks of 35 IMC-LucR were
produced in sufficient amounts and replicated in CD4 T-cells to a
high enough level to allow consistent use in IMC-LucR VIA. As
expected, CD8 T-cells from ART naive subjects living with HIV-1
mediated efficient inhibition of HIV-1 replication, with all 35 IMC-
LucR being inhibited over the 0.8 log;, value by at least 4 subjects.
CD8 T-cells from HIV-1 uninfected subjects mediated
comparatively minimal inhibition of HIV-1 replication, though
for two of the 35 IMC-LucR tested median inhibition was over
the assay positivity 0.8 log;, value. The primary application of IMC-
LucR VIA in subjects without HIV-1 infection would be in clinical
trials of prophylactic HIV-1 vaccine candidates where such trials
include pre-vaccination sampling. The standard approach in the
clinical trial setting would be to expand CD4 T-cells only from pre-
vaccination PBMC to be used as targets for HIV-1 IMC-LucR and
to expand CD8 T-cells from both pre- and post-vaccination time
points, allowing clear delineation of any vaccine induced effect.

We have previously demonstrated that the efficient CD8 T-
cell-mediated inhibition observed in ART naive subjects living
with HIV-1 or uninfected recipients of HIV-1 vaccine
candidates requires proximity between CD8 T-cells and
infected CD4 T-cells and is reversed by MHC-I blockade (16).
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However, MHC-I blockade had no effect on any inhibition
detected in cultures from HIV-1 uninfected subjects, leading
to the conclusion that efficient CD8 T-cell mediated inhibition is
due to CD8 T-cell recognition of peptide/MHC-I complexes
presented on the surface of infected CD4 T-cells. Any
comparatively lower inhibition detected with CD8 T-cells from
uninfected subjects would be as a result of a non-specific process
in the absence of peptide/MHC-I recognition. Separation of CD4
and CD8 T-cells across trans-well cultures still allowed a low
level of CD8 T-cell mediated inhibition indicating that release of
soluble factors from CD8 T-cells plays some role (64).

Some limitations remain in the present study and
application of this approach.

The use of IMC-LucR simplifies assessment of the level of
HIV-1 replication and inhibition and reduces cost compared
with use of HIV-1 p24 ELISA. However, the IMC-LucR VIA is
still a relatively labour-intensive assay including a 7-day
polyclonal expansion of both CD4 and CD8 T-cells prior to
CD4 T-cell infection and then culture for a further 8 days under
additional laboratory biosafety constraints for work with
infectious HIV-1.

Due to the immense diversity of HIV-1, culture and
polyclonal expansion of T-cells may be the only means to
allow full and detailed assessments of multiple immune
parameters with what is typically limited subject blood
sampling volumes (28). However, polyclonal T-cell expansion
may result in populations of T-cells with phenotypes and
functions that are different to those of ex vivo T-cells in PBMC.

We have previously shown that CD3/CD8 bi-specific
antibody expansion and traditional phytohemagglutinin/IL-2
stimulation result in similar levels of productive HIV-1
replication in CD4 T-cell cultures measured by p24 protein
release (16). CD3/8 and CD3/4 bi-specific antibody expanded
CD3+ T-cells consist of 97% CD4 T-cells and 88% CD8 T-cells
respectively (16) with CD8 T-cells consisting of both central
memory and effector memory phenotypes (19).

We have also previously demonstrated similar function of
HIV-1-specific CD8 T-cells in PBMC and expanded CD8 T-cells
in IEN-y production detected by ELISpot and flow cytometric
assays (28, 62) and HIV-1 inhibition in VIA (19). Despite
demonstrating that expanded CD8 T-cells have similar
functionality to unexpanded CD8 T-cells and the IMC-LucR
VIA does result in degree of log;, inhibition, the ultimate
interpretation of VIA data is more suited to a qualitative
outcome. In other words, the IMC-LucR VIA assay would
answer the question: “does the study subject possess
circulating CD8 T-cells that can inhibit HIV-1 replication and
if so, what is the breadth of that inhibition in terms of inhibition
of different IMC-LucR?”. Such information is then particularly
informative if accompanied by identification of HIV-1 epitopes
recognised by these CD8 T-cells (28) in the context of subjects
with differing rates of HIV-1 disease progression and in vivo
plasma viral loads. Evaluation of positive log;, inhibition is
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calculated using a standardised, predetermined threshold of 0.8
(25). This value was calculated based on statistical analysis of 2
IMC-LucR’s assessed against PBMC samples for 8 ART naive
subjects living with HIV. As the data sets for each IMC-LucR
expands, recalculation of this threshold and application of virus
specific cut-offs may be prudent.

The present study is not designed to describe in detail the
immune response of the 13 ART naive subjects living with HIV-
1 but to characterise their CD8 T-cell mediated inhibition of the
IMC-LucR tested. Similar approaches by our lab and others
demonstrates the potency induced T-cell responses (21, 23).
Studies utilising the IMC-LucR VIA, and other assays are
underway in our laboratory with a larger number of carefully
selected subjects from the protocol C cohort (65) to assess CD8
T-cell responses in the context of differing natural control of
viral replication in vivo.

Finally, due to the immense diversity of HIV-1, even with 35
IMC-LucR the coverage of all potential predicted HIV-1 epitopes
within the protocol C cohort was not complete. However, it does
provide a high level of epitope coverage at 84.0%.

HIV-specific CD8 and matched CD4 T-cell lines are
currently used for the standardisation of the IMC-LucR VIA
facilitating the establishment of the assay across laboratories
collaborating centres in Kenya (KEMRI-Wellcome Trust
Research Programme), Uganda (MRC/UVRI and LSHTM
Uganda Research Unit) and the United Kingdom (IAVI-
Human Immunology Laboratory) under the IAVI Clinical
Research Centre (CRC) network, providing tools for the
successfully laboratory scientist training and technology
transfer of this assay, the ultimate demonstration of technical
competence and the continued assay stability over time.

HIV-1 replication RLU values and CD8 T -cell inhibition
values were comparable both across the 3 laboratories and
between assays at each laboratory. Such controls will allow
application of the IMC-LucR VIA assay in clinical trials across
different centres and comparison of data with confidence.
Inclusion of such controls in each batch of samples tested in
IMC-LucR VIA, where certain levels of IMC-LucR replication
and inhibition are expected, will demonstrate both the reliability
of each assay conducted and the derived clinical trial data. Our
data demonstrate that despite the IMC-LucR VIA being a
complex functional assay, with appropriate training, standard
operating procedure (SOP) and reagents, and quality controls it
is possible to standardise this assay as a qualitative assay across
multiple laboratories in different continents.

In summary, this report describes the generation and viral
inhibition potential of a diverse panel of HIV-1 luciferase-
labelled infectious molecular clones (IMC-LucR) that have
broad representation of previously circulating HIV-1
sequences. Application of these panels would allow assessment
of the direct anti-viral function of CD8 T-cells in the viral
inhibition assay. IMC-LucR VIA along with other companion
assays will allow determination of the breadth of HIV-1
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inhibition and identification of effective epitopes targeted by
broadly potent anti-viral CD8 T-cells that result in this
inhibition. In a similar fashion to the use of the HIV
neutralisation assay for the identification of broadly potent
and functional antibodies and targets, such assessments of
broadly potent and effective T-cells in a functional assay may
be applied to study subjects of differing HIV-1 progression rates
to inform on both effective targets for virus control and
elimination, thereby informing on rational CD8 T-cell vaccine
candidate design, as well as more effective evaluation of CD8 T-
cell efficacy in both prophylactic and therapeutic clinical trials.

The IMC-LucR VIA is currently being used in the assessment
of functional T-cell responses in vaccine recipients in a phase 1
trial of ChAdOx1- and MVA-vectored Conserved Mosaic HIV-1
Vaccines in Healthy, Adult HIV-1-negative Volunteers in Eastern
and Southern Africa (HIV-CORE 006, NCT04553016).

In addition, this IMC-LucR VIA will be used to assess
antiviral activity of vaccine-induced T-cell responses in several
clinical trials: a phase 1/2a open label trial to assess safety and
immunogenicity of candidate T-cell vaccines ChAdOx1.HTI
and MVA HTT given sequentially to healthy HIV-1/2 negative
adult volunteers in Oxford, UK (HIV-CORE 0051,
NCT04563377); a phase 1 dose escalation open label trial to
assess safety and immunogenicity of candidate ChAdOx1- and
MVA-vectored conserved mosaic HIV-1 vaccines, given
sequentially to healthy HIV-1/2-negative adult volunteers in
Oxford, UK (HIV-CORE 0052, NCT04586673); and used as
an exploratory immunological assay in a subset of participants in
a phase 2 randomised, placebo-controlled trial of vedolizumab
with or without therapeutic HIV MVA vaccine in individuals
who started antiretrovirals during primary or chronic infection
(EHVA T02/ANRS VRIO7, NCT04120415).
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