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HIV variants present in the reservoir, particularly in tissues, may differ from those present in
peripheral blood prior to therapy initiation, and characterisation of these reservoir variants
could better inform immune-based interventions for HIV cure. In the present study, Gag
sequence differences between variants derived from the lymph node and peripheral blood
mononuclear cell (PBMC) reservoirs as well as those derived from pre-therapy plasma,
were investigated in 24 HIV-1 subtype C-infected individuals. HIV gag amplification was
successful for 20 individuals, where 4 were controls including one untreated individual and
3 early treated individuals with LN collection within 2 weeks of treatment initiation. The
remaining 16 individuals with LN and PBMC collection > 3 months after treatment initiation
(median = 665 days), were further characterised. Recombinant viruses encoding patient-
derived Gag-protease sequences from the pre-therapy plasma, LN reservoir, and PBMC
reservoir, were constructed and the replication-competent viruses that grew in vitro were
used to further investigate whether there are specific features of Gag reservoir variants that
may have relevance for strategies to cure HIV. Virus characteristics measured included
replication capacity, interferon-alpha resistance, cell-to-cell spread ability, and induction of
antiviral cytokines. A limited number of novel Gag mutations (median = 4) in the reservoir of
3/7 early treated participants and 9/9 late treated participants were observed, where the
majority of these mutations were likely cytotoxic T lymphocyte (CTL)-driven and 48%were
represented in the replication-competent viruses. The reservoir variants had very few
unique potential CTL escape mutations (median = 3) in Gag compared to the number of
these Gag mutations that were already present in the plasma-derived virus (median = 23)
at the time of treatment initiation, which was similar whether treatment was initiated late or
early. The data suggest that the extent of CTL escape in Gag overall is likely similar
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between early and late treated individuals as well as between the reservoir and pre-
therapy variants. The sequence differences in Gag that were unique to the reservoir
viruses did not result in significantly altered virus characteristics overall, and are therefore
unlikely to affect effectiveness of immune-based interventions for virus eradication.
Keywords: HIV-1, reservoir, lymph nodes, peripheral blood mononuclear cells, HIV-1 gag, cytotoxic T lymphocyte-
driven mutations, interferon-alpha resistance, cell-to-cell spread
INTRODUCTION

Antiretroviral therapy (ART) is highly effective in limiting HIV
replication, prolonging the life span of infected individuals and
reducing HIV transmission (1). However, ART is not curative due
to the persistence of an infected reservoir of cells (2). Therefore, a
viable cure requires that this HIV reservoir is eliminated.

The reservoir is in peripheral blood as well as in tissues (3),
and any of these sites may contribute to the rebound virus (4). In
animal models for AIDS it was shown that, during treatment,
persisting viral DNA and RNA are highest in lymphoid tissues,
in particular lymph nodes, spleen and gastrointestinal tissues
(5, 6). There is also evidence of differences in the virus sequence
(compartmentalisation) between different body compartments
(3), including between lymph nodes and peripheral blood (7, 8).
Therefore, although most previous studies of the reservoir focus
on peripheral blood, it is relevant to study the reservoir in both
peripheral blood and tissues, and particularly lymphoid tissues.

One approach being explored to achieve long-term remission
or cure is early initiation of ART, followed by a combination
approach of latency reversal agents and a cytotoxic T lymphocyte
(CTL)-based therapeutic vaccine or other immunomodulatory
agents to eliminate the reactivated viruses (2). Therapeutic
vaccination will likely be important for virus eradication since
previous studies have shown that cytopathic effect and non-
stimulated CTLs are not sufficient to eliminate reactivated
infected cells, while CTLs stimulated with Gag peptides that
are unmutated in the reservoir are effective at killing reactivated
infected cells (9). Early treatment is thought to be conducive to
achieving cure as it not only reduces the viral reservoir and
preserves the quality of immune responses (10, 11), but it may
also limit CTL escape in the peripheral blood reservoir (12). It is
relevant to CTL-based eradication efforts to investigate
accumulation of CTL escape in the tissue reservoirs as well.
Further, investigation of whether viral variants present in the
reservoir differ from those circulating in peripheral blood prior
to treatment initiation, and characterisation of the reservoir
variants from peripheral blood and tissues could better inform
immune-based interventions for HIV cure. It is also worth
noting that most previous studies of the HIV reservoir have
focussed on individuals infected with HIV subtype B. Given that
HIV subtype C is the most predominant subtype world-wide,
and that virus and host characteristics differ between populations
infected with different subtypes, there is a need to study the HIV
reservoir in non-subtype B regions as well.

In the present study, viral variants derived from plasma
samples that were taken immediately prior to treatment
2

initiation in HIV-1 subtype C-infected individuals from South
Africa were sequenced, and these sequences were compared to
those derived from lymph nodes (LN) and peripheral blood
mononuclear cells (PBMCs) at a matched time-point collected at
least 3 months after treatment initiation. We investigated
whether there were unique mutations in the reservoir variants
compared to the pre-therapy plasma variants and if these were
represented in functional viral proteins (and could therefore have
the potential to be in a rebound virus). We further investigated
whether there were specific features of reservoir variants, in
terms of replication capacity, interferon-alpha (IFN-a)
resistance, cell-to-cell spread ability, and induction of antiviral
cytokines, that may have relevance for strategies to cure HIV.
Although studying the overall virus isolate to address these
questions would be ideal, the present study focussed on HIV
Gag, since it is a major target of CTL vaccine strategies (13), it
influences antiviral cytokine production (14) and it contains
determinants of cell-cell spread ability (15). Results showed
limited novel mutations in the reservoir-derived variants
compared to the variants derived from pre-therapy plasma,
and there was a similar extent of CTL escape in the reservoir
variants compared to the pre-therapy plasma variants. Further,
reservoir-derived variants were not phenotypically distinct from
pre-therapy plasma variants.
METHODS

Study Participants
The study population included 24 HIV-infected individuals,
where one was antiretroviral naïve, 14 initiated ART in early
infection (Fiebig stage I-V) and 9 initiated ART in chronic
infection (Table 1). Study participants were derived from the
Females Rising through Education, Support and Health (FRESH)
cohort (16) and HPP acute infection cohort (17) in Durban,
South Africa. Lymph nodes were previously voluntarily excised
as part of the lymph node study protocol (18). Stored LN
mononuclear cells and PBMC samples closely matched to the
time of LN excision were studied. In treated individuals, LN
samples were obtained at a median of 553 days post-treatment
initiation (inter-quartile range [IQR] 361-902 days). Plasma
samples obtained at the nearest timepoint prior to treatment
initiation were studied for comparison with the LN and PBMC
samples obtained during treatment. Longitudinal viral loads and
the CD4+ T cell counts, as well as HLA class I profiles, of these
participants were available. With the exception of the untreated
individual and the 3 individuals where the LN was excised within
July 2022 | Volume 2 | Article 916095
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2 weeks of treatment initiation, the viral load in all participants
was <20 copies/ml at the time of LN excision and 4 participants
had experienced viral blips in the interval following attainment
of viral suppression and LN excision. In treated individuals, at
the time of LN excision, the median CD4 count was 702 cells/
mm3 (IQR 533-919 cells/mm3). The median age of participants
was 24 years (IQR 22-25) and all were female. Written informed
consent was obtained from all study participants and the study
was approved by the Biomedical Research Ethics Committee of
the University of KwaZulu-Natal.

Gag Amplification and Sequencing
From Plasma, LN Mononuclear Cells
and PBMCs
RNAwas extracted from 140-500 µl plasma using the QiagenViral
RNA Mini kit (Qiagen, Hilden, Germany), while DNA was
extracted from 1.5-2 million frozen mononuclear cells obtained
Frontiers in Virology | www.frontiersin.org 3
from LNs using the MasterPure Complete DNA and RNA
Purification kit (Lucigen, Middleton, Wisconsin) and DNA was
extracted from 10 million PBMCs using the QIAamp DNA blood
Minikit (Qiagen), according to manufacturer’s instructions. HIV
gag-protease was amplified by bulk PCR using previously
described protocols (19). Single genome amplification (SGA) of
gag was performed, as described previously (20), by serial dilution
of cDNA to determine a dilution where ≤30% of wells were
positive for amplification. The ABI Prism Big Dye Termination
V 3.1 cycling sequencing kit (Applied Biosystems, Waltham,
Massachussetts) was used to Sanger sequence bulk PCR
products and single genome amplicons using previously
published primers (19, 20). Sanger sequences were edited using
Sequencher v5.1. Gag sequences were aligned using Genecutter
and maximum likelihood phylogenetic trees were constructed
using Phyml 3.0 (all available at http://www.hiv.lanl.gov) (21).
Phylogenetic trees were visualized using Figtree v1.4.3 (http://tree.
TABLE 1 | HIV-1 gag amplification from lymph nodes (LN), peripheral blood mononuclear cells (PBMC) and plasma.

PID Treatment Fiebig stage Treatment date LN (days post-treatment) LN LN date PBMC PBMC date Plasma Plasma date

127-33-0097-079 Untreated N/A N/A N/A √ 16-Nov-
16

√ 16-Mar-17 √ 15-Nov-16

127-33-1192-879 Earlya I 10-Sep-16 11 √ 21-Sep-
16

ND ND √ 10-Sep-16

127-33-1871-
1442

Earlya II/III 16-Jan-18 8 √ 24-Jan-18 ND ND √ 16-Jan-18

127-33-1164-
1248

Earlya IV 6-Sep-17 14 √ 20-Oct-17 ND ND √ 6-Sep-17

127-33-0708-515 Early I 4-Nov-15 385 X 23-Nov-
16

ND ND ND ND

127-33-0745-541 Early I 17-May-15 694 X 10-Apr-17 ND ND ND ND
127-33-0788-597 Early I 25-Nov-15 336b X 26-Oct-16 ND ND ND ND
127-33-0959-704 Early I 20-May-16 916 X 22-Nov-

18
ND ND ND ND

127-33-0816-594 Early I 8-May-15 502 √ 21-Sep-
16

X 13-Dec-16 √ 8-May-15

127-33-0776-559 Early I 3-Apr-15 1259b √c 13-Sep-
18

X 3-Dec-18 √ 3-Apr-15

127-33-0897-651 Early I 9-Aug-15 479 √ 30-Nov-
16

X 29-Sep-16 √ 9-Aug-15

127-33-0973-714 Early I 21-Sep-15 403b √ 29-Oct-16 √ 10-Nov-16 √ 28-Sep-15
127-33-1620-
1210

Early III 9-May-17 120 √ 6-Sep-17 √ 16-Oct-17 √ 9-May-17

127-33-0611-442 Early V 23-Feb-15 926 √ 6-Sep-17 X 24-Aug-17 √ 23-Feb-15
127-33-0942-683 Early V 29-Jul-15 427 √ 29-Sep-

16
√ 5-Dec-16 √ 11-Aug-15

127-33-0108-093 Late – 5-Mar-14 1065 √ 2-Feb-17 √ 23-Mar-17 √ 6-Jan-14
127-33-1324-
1012

Late – 26-Aug-16 760 √ 25-Sep-
18

√ 14-Sep-18 √ 26-Aug-16

111-30-0037-0 Late – 22-Sep-15 553 √ 29-Mar-17 √ 23-Mar-17 √ 28-Oct-15
111-30-0039-0 Late – 10-Mar-15 771 √ 12-Apr-17 √ 3-Apr-17 √ 5-Mar-15
111-33-0067-0 Late – 3-Apr-18 135 √ 16-Aug-

18
√ 13-Aug-18 √ 26-Feb-18

111-30-0083-0 Late – 24-Aug-17 1035 √d 7-May-18 √ 16-Jan-18 √ 7-Jul-15
111-30-0095-0 Late – 11-Jan-16 888 ND ND √ 16-Oct-18 √ 22-Jan-16
111-30-0098-0 Late – 2-Sep-16 571 √ 27-Mar-18 √ 27-Mar-18 √ 26-Aug-16
AS33-3830 Late – 22-Oct-12 2068b √ 21-Jun-18 √ 3-Apr-18 √ 30-Aug-12
July 2022 | Vo
lume 2 |
aEarly treated controls with LNs collected within 2 weeks of treatment initiation.
bViral load blips in the interval following attainment of viral suppression and LN excision.
cHypermutated sequence.
dDefective sequence.
PID, patient identifier, √, amplification success, X, amplification failure, N/A, not applicable, ND, not done.
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bio.ed.ac.uk/software/figtree). Deep sequencing of bulk PCR
products was performed on a Miseq instrument (Illumina, San
Diego, California), using the appropriate Illumina kits for
preparation, and all variants present at a frequency of 2% and
above, as detected using Geneious Prime version 2021.2.2, were
considered. As previously (22), non-consensus mutations in or
within 5 amino acids of defined CTL epitopes (Los Alamos HIV
immunology database, https://www.hiv.lanl.gov/content/
immunology/) that were restricted by HLA-I alleles expressed by
that individual were considered to be potential escape mutations.
Sanger sequences as well as consensus sequences derived from
deep sequencing are available under Genbank accession numbers
ON552272 - ON552477. Fastq files from deep sequencing are
available under the Bioproject accession number PRJNA833316 in
the sequence read archive (SRA) database.

Construction of Recombinant Viruses
Encoding gag-protease From Plasma, LNs
and PBMCs
Recombinant viruses encoding patient-derived gag-protease
sequences were generated using gag-protease deleted NL4-3
backbone (23, 24). Briefly, the primers used during gag-
protease amplification from plasma, LNs and PBMCs matched
NL4-3 on either side of gag-protease to enable the homologous
recombination of the gag-protease PCR product and the NL4-3
backbone. CEM-derived GXR25 green fluorescent protein
(GFP)-reporter T cells (25) were transfected with gag-protease
PCR product and linearised gag-protease deleted NL4-3 via
electroporation. HIV-infected GXR cells produce GFP,
allowing monitoring by flow cytometry of the percentage of
infected cells in the culture. Supernatants containing the
recombinant viruses were harvested when the culture had
approximately 25-30% GFP-positive cells and aliquots of these
virus stocks were stored at -80 °C.

Gag-Protease Replication Capacity Assay
and Measurement of IFN-a Resistance
Titration of virus stocks and replication capacity assays were
performed as previously described (19). To determine the titre of
virus stocks, 0.4 ml thawed virus stock was incubated with 1
million GXR cells for 2 days. The percentage GFP-expressing
cells was then measured by flow cytometry and the volume of
virus stock to infect GXR cells at a multiplicity of infection
(MOI) of 0.003 for the replication capacity assays was calculated:

Volume of virus stock = (0.3/proportion GFP-expressing
cells) X 400 ml.

GXR cells were then infected at a MOI of 0.003 and the mean
slope of exponential growth in GFP-positive cells from days 3-6
post-infection was calculated using the semi-log method in Excel.
This slope was normalized to the slope of growth of the wild-type
NL4-3 control included in each assay. The NL4-3 normalized
slope was used as the measure of replication capacity, where the
replication capacity of NL4-3 was equal to 1.

To test for the IFN-a resistance using the replication capacity
assay, the assay was performed in both the absence and presence
of IFN-a in parallel (26, 27). GXR cells were pre-incubated with
IFN-a at a concentration of 1000 U/ml before addition of virus
Frontiers in Virology | www.frontiersin.org 4
and the assay was then performed in the same way, maintaining
the cells in R10 medium containing IFN-a at 1000 U/ml. To
calculate IFN-a resistance, the slope of growth in GFP-positive
cells in the presence of IFN-a was divided by the slope of growth
in GFP-positive cells in the absence of IFN-a. All replication
capacity assays were performed independently in duplicate and
the results averaged.

Cell-to-Cell Spread Assay
Cell-to-cell spread ability of recombinant viruses encoding gag-
protease derived from plasma, LNs and PBMCs were tested by
flow cytometry, as described previously (28). Briefly, one million
Jurkat cells were infected with 100 ng p24 equivalent of virus
stocks, as determined using HIV-1 p24 Antigen ELISA
(Zeptomatrix Corporation Buffalo, New York). Infection of the
Jurkat cells was performed by centrifugation at 1200 x g for 2
hours at room temperature, with a further incubation at 37 °C
and 5% carbon dioxide for 4-5 days. HIV infection was detected
by flow cytometry using intracellular Gag staining with a
fluorescently-labelled antibody (anti-HIV-1 core antigen RD1,
Beckman coulter, California). HIV-infected Jurkat cells were
adjusted to 5% infected cells (donor cells), stained with
eFlour450 (Thermofisher Scientific, Boston, Massachusetts),
and then co-cultured at a ratio of 1:1 with CellTrace™-stained
(CellTrace™ Far red cell proliferation kit, Thermofisher
Scientific) uninfected Jurkat cells (target cells) for 48 hours.
HIV cell-to-cell spread was thereafter measured by
intracellular Gag staining in target cells (CellTrace™ stained
cells). Zombie NIR (Biolegend, San Diego, California) was used
to distinguish live cells from dead cells. Compensation was done
using single stained cells and cells were acquired using an
LSRFortessa (BD Biosciences, San Jose, California) with
FACSDiva™ software. Results were analyzed using the FlowJo
version 10.0.8 (Flowjo, LLC, Ashland, Oregon).

Cytokine Profiling Assay
Cell culture supernatants were collected 24 hours after infection
of GXRs at a MOI of 0.003 with recombinant viruses encoding
gag-protease derived from plasma, LNs and PBMCs, and frozen
at – 80°C. Infections and supernatant collections were done
independently in duplicate. Cytokines were detected in the
supernatants using a bead-based assay for detecting 27 human
cytokines, chemokines, and growth factor biomarkers (Bio-Rad,
Hercules, California) by following the manufacturer’s
instructions. The 27 analytes detected by this panel are eotaxin,
fibroblast growth factor (FGF)-basic, granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), interleukin-1b (IL-1b), IL-RA,
IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10,IL-12, IL-13,IL-15,
IL-17, IFN-g, IFN-g-inducible protein 10 (IP-10), macrophage
inflammatory protein 1a (MIP)-1a (CCL3), MIP-1b (CCL4),
monocyte chemotactic protein 1 (MCP-1), platelet-derived
growth factor (PDGF)-BB; regulated on activation normal T
cell expressed and secreted (RANTES or CCL5), tumor necrosis
factor alpha (TNF-a), and vascular endothelial growth factor
(VEGF). The concentration of each analyte was determined from
a standard curve derived from a human recombinant protein and
July 2022 | Volume 2 | Article 916095
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therefore represents an estimate of the analyte concentration in
each sample. The analyte measurements were done
independently in duplicate for the duplicate supernatant
collections. The multiplex plate was read with a Bio-Plex 200
suspension array Luminex system (Bio-Rad).

Statistical Analysis
The Mann-Whitney U test was used to compare the number of
unique Gag mutations in the reservoir of early treated and late
treated individuals. Replication capacity, IFN-a resistance and cell-
to-cell spread ability of the viruses encoding gag-protease derived
from plasma, LNs and PBMCs, as well as cytokine levels induced by
these viruses, were compared between matched compartments
using repeated measures ANOVA. Paired T-tests were used to
compare 2 compartments at a time. Pearson’s correlation was used
to test the correlation between assay replicates. All analyses were
done with GraphPad software (GraphPad Software Inc. Version
5.0) and p<0.05 was considered statistically significant. Q values,
with a cutoff of q < 0.04, were used to account for multiple
comparisons where appropriate.
RESULTS

HIV gag Amplification From LNs, PBMCs
and Plasma
HIV gag amplification was attempted from the LNs of 24
patients, and was successful for 20 (Table 1). Included in the
24 LNs were 4 controls for which gag was successfully
amplified: LNs from an untreated patient as well as 3 early
treated patients (Fiebig I, II/III, and IV) where LNs were
collected within 2 weeks of treatment initiation. Of the
remaining 20 patients from whom LNs were collected at least
120 days after therapy initiation, there was successful
amplification for 16, where 7 initiated treatment in the acute
phase (4 in Fiebig I, 1 in Fiebig III and 2 in Fiebig V) and 9
initiated treatment in the chronic phase. The 4 LNs from which
gag failed to amplify were from patients who initiated treatment
in Fiebig I. Overall, for LNs collected at least 3 months after
therapy, there was 50% successful gag amplification from those
who initiated therapy in Fiebig I compared to 100% successful
amplification for those who initiated therapy in Fiebig III or
later. This is consistent with data from our group showing less
HIV-1 p24 antigen as well as HIV-1 RNA in LNs from Fiebig I
treated patients compared to those initiating treatment later
(Baiyegunhi et al., 2021, submitted).

For the 16 patients with LN collection at least 3 months after
therapy initiation (median of 665 days; IQR of 466-953 days) and
successful gag amplification, gag amplification was attempted for
PBMCs at a closely matched timepoint. This was successful for 3
of 7 early treated patients and 9 of 9 late treated patients, while
amplification from pre-therapy plasma was successful for all
patients. Lower amplification success from PBMCs compared to
LNs obtained during treatment is consistent with a previous
report of lower HIV-1 copies in PBMCs than LNs in treated
patients (29).
Frontiers in Virology | www.frontiersin.org 5
Gag Sequence Differences Between
Reservoir Variants and Pre-Therapy
Plasma Variants
To investigate differences between the reservoir-derived variants
and pre-therapy plasma variants, bulk Gag sequences were
compared between compartments and amino acid differences
between the pre-therapy plasma and either reservoir
compartment were identified. For the early treated individuals,
to investigate whether these mutations identified were unique to
the reservoir (i.e. not present in the pre-therapy plasma),
multiple amplicons from the pre-therapy plasma samples were
pooled together for deep sequencing and SGA sequences from
pre-therapy plasma were also interrogated for the presence of
these mutations. In addition, where available (n=2), PBMCs
obtained within one week of plasma virus suppression were
also deep sequenced and SGAs performed to check for the
presence of the new mutations observed in the reservoir
viruses. For the late treated patients, only deep sequencing of
the pre-therapy plasma was performed. Table S1 shows deep
sequencing and SGA results for each novel mutation in each
compartment for each patient, and also reports which mutations
are in or within 5 amino acids of CTL epitopes that are restricted
by the patient’s HLA-I alleles.

In early treated (Fiebig I-V treated) individuals, the bulk
sequence comparison showed sequence differences between
variants derived from the reservoir and pre-therapy plasma for
5 of 7 early treated individuals. Of these 5 early treated
individuals where LN and PBMC samples were collected > 3
months (median of 427 days) after treatment initiation and novel
mutations were detected in the reservoir by bulk sequencing, one
had a hypermutated sequence in the LN, and of the remaining 4
individuals, 3 were confirmed by deep sequencing and SGA to
have unique non-consensus mutations (1-6 amino acid
mutations) in the PBMCs and/or LNs (Table 2). In contrast, 3
early treated individuals for whom LNs were obtained within two
weeks of ART initiation showed no sequence differences between
plasma and LN samples (Table 2). This may suggest that in the 3
early treated individuals where novel Gag mutations were
detected in the reservoir, that mutations arose during
treatment, however virus compartmentalisation prior to
therapy initiation or selection of consensus variants in the pre-
therapy plasma are alternative explanations. It should also be
noted that one of these 3 individuals experienced a low-level
virus blip of uncertain duration prior to LN collection.

Next, sequence differences between the reservoir-derived
variants and those variants derived from plasma collected at
the closest timepoint to treatment initiation were identified in
late treated individuals, and compared to results obtained in the
early treated individuals. Although only 3 of 7 early treated
individuals had novel Gag mutations in the reservoir, all late
treated individuals had unique mutations (2-19 amino acid
mutations) in the PBMCs and/or LNs (Figures 1A–C). The
median number of unique mutations in the reservoir overall was
4 (IQR, 2-5) and there was a trend for a higher number of unique
mutations in the reservoir of late treated patients (median = 4)
compared to early treated patients (median = 1), although this
July 2022 | Volume 2 | Article 916095
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was not statistically significant (Mann-Whitney U test, p = 0.09)
(Figures 1A–C). Interestingly, the majority (8/12 in early treated
patients and 31/49 in late treated patients) of these novel Gag
mutations were non-consensus variants in or within 5 amino
acids of cytotoxic T lymphocyte (CTL) epitopes restricted by
HLA-I alleles expressed by these individuals (Figures 1A–C;
Table 2; Table S1), suggesting that these mutations were most
likely selected by CTL. There was also a trend for a higher
number of these potential CTL escape mutations unique to the
reservoir in the late treated patients (median = 3) compared to
early treated patients (median = 1) (Mann-Whitney U test, p =
0.08) (Figure 1A). In comparison, at the time of treatment
initiation in the plasma, there were a median of 23 non-
consensus mutations (IQR, 21-27) in or flanking CTL epitopes
that could be targeted by the patient’s HLA-I alleles, and this
number was similar in late and early treated participants (24 and
21, respectively) (Figure 1D). In summary, there were a limited
number of new Gag mutations in the reservoir of some early
treated participants, and in all late treated participants, where the
majority of these mutations were likely CTL-driven. This limited
number of novel potential CTL escape mutations in the reservoir
was small in comparison to the number of potential CTL escape
mutations already present in the pre-therapy plasma, which did
not differ significantly between early treated and late
treated individuals.

Since the HIVconsvX is one of the most recent CTL-based
vaccine immunogen designs under development and it contains
Frontiers in Virology | www.frontiersin.org 6
a large portion of Gag (HXB2 Gag amino acid positions 133-363
and 391-459) (30), the amount of potential CTL-driven
mutations unique to the reservoir that were in this region was
assessed. Interestingly, approximately half (19/39) of the
potential CTL-driven mutations unique to the reservoir were
in the HIVconsvX region (Figures 1A–C, Table S1), and there
was a trend for higher numbers of these mutations in the late
treated individuals (median = 2) compared to the early treated
individuals (median = 0) (Mann-Whitney U test, p = 0.04).
Overall, there was a median of 9 (IQR, 6-12; data not shown)
non-consensus mutations in or flanking CTL epitopes that were
restricted by the patient’s HLA-I alleles and that were also in the
HIVconsvX region in the plasma at the time of treatment
initiation (Figure 1D), while in the reservoir there was a
median of 1 (IQR, 0-2) unique potential CTL escape mutation
in the HIVconsvX region (Figure 1A, Table S1). In summary,
there were very few additional potential CTL escape mutations in
the HIVconsvX region in the variants derived from the reservoir
compared to those derived from pre-therapy plasma.

Unique Mutations in Functional Gag
Proteins From the Reservoir
Since a large proportion of reservoir variants could be defective
(31), recombinant viruses encoding the bulk gag-protease
sequences from the LN and PBMC reservoirs, as well as from
the pre-therapy plasma, were constructed and cultured to
investigate whether the unique mutations identified in the
TABLE 2 | Gag sequence differences between the reservoir-derived variants and pre-therapy plasma variants in early treated individuals.

PIDa Fiebig
stageb

LN
excision
(days)

Pre-
therapy
plasma

Plasma <2 weeks
of therapyc

PBMC at
suppressiond

LN
reservoir

PBMC
reservoire

Novel mutations
in reservoirf

CTL epitopesg

594 I 502 √ √ X √ X None Not applicable
651 I 479 √ X ND √ X None Not applicable
714h I 403 √ √ X √ √ LN (5),

PBMC (6)
LN and PBMC:
R28L RLRPGGKKRY- A*30;
T81I RSLYNTIAVLF - A*30;
F86S RSLYNTIAVLF - A*30

683 V 427 √ ND √ √ √ LN (1)
PBMC (2)

LN:
V88X Flanking LFNTVATLY - A*2902,
B*4403
PBMC:
P48X Flanking WASRELERF - C*04;
G71X Flanking RSLYNTVATLY - B*58

1210 III 120 √ ND √ √ √ LN (2) LN:
Y132X KVSQNYPIV - B*14; T303X
DRFFKTLRA - B*14 and C*08

879 I 11 √ ND ND √ ND None Not applicable
1248 IV 14 √ ND ND √ ND None Not applicable
1442 II/III 8 √ ND ND √ ND None Not applicable
aPatient identifier (PID). The last portion of the full patient identifier in Table 1 is shown here.
bFiebig stage at therapy initiation.
cSequencing was performed from plasma collected during the time to plasma viremia suppression, and within 2 weeks of treatment initiation.
dSequencing was attempted from PBMCs obtained after but within 1 week of attainment of plasma viremia suppression.
eSequencing was also attempted from PBMC samples matched as closely as possible (12-83 days) to the time of LN collection.
fNovel mutations refers to amino acid mutations in the sequences obtained during treatment from the LN/PBMC which were not detected in peripheral blood sequences obtained prior to
or within 1 week of attainment of plasma viremia suppression. The number of mutations is indicated.
gThe novel mutations (in bold) in the reservoir that were in or within 5 amino acids of CTL epitopes restricted by the patient’s HLA-I alleles.
hViral load blip in the interval following attainment of viral suppression and LN excision.
LN, lymph node; PBMC, peripheral blood mononuclear cell; √ sequence obtained; X, gag amplification/sequencing unsuccessful; ND, not done.
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reservoir were encoded in functional Gag proteins. Gag-protease
recombinant viruses were constructed from 15 different treated
individuals for whom gag amplification was successful
(excluding the 1 patient with the hypermutated sequence). All
recombinant virus stocks were resequenced and phylogenetic
analysis confirmed participant origin in all cases (Figure S1). Of
the 15 participants, 12 had mutations which were unique to the
reservoirs and, overall, 48% of these unique mutations were
present in the virus outgrowth from the reservoirs (Figure 2A).
Of the mutations unique to the total reservoir that were present
in replication competent Gag-protease recombinant viruses, 60%
were non-consensus variants in (43%) or within 5 amino acids
(17%) of CTL epitopes restricted by HLA alleles expressed by the
patient, suggesting that these might represent CTL escape
(Figure 2B). Similar proportions were observed when the same
analyses were done separately for the LN reservoir (Figures 2C,
D) and the PBMC reservoir (Figures 2E, F), although a larger
percentage (72%) of the unique mutations in the PBMC reservoir
were present in the virus outgrowth. Since each participant
expressed HLA-I alleles that restrict epitopes covering 30 –
49% of the Gag protein (40% on average), no particular
enrichment (or negative selection) of potential CTL escape in
the functional Gag proteins from the reservoir is suggested by
these data. In summary, approximately half of the unique Gag
Frontiers in Virology | www.frontiersin.org 7
mutations (albeit limited in number) in the reservoir are
represented in functional Gag proteins (which have the
potential to be part of the rebound virus), and a significant
portion of these functional unique mutations are potential CTL
escape mutations.

Similar Gag-Driven Replication Capacity
and IFN-a Resistance of Gag Proteins
From Reservoirs and Pre-Therapy Plasma
The replication capacities of the recombinant viruses encoding
bulk Gag-protease sequences from the LN and PBMC reservoirs,
as well as from the pre-therapy plasma, in the absence and
presence of IFN-a was measured to assess whether or not viruses
in the reservoir may be adapted to replicate more efficiently,
especially in the presence of this key antiviral cytokine. In
particular, the sequence of Gag is known to influence the virus
sensitivity to IFN-a (32).

Duplicate replication capacity assay measurements were highly
consistent (Pearson’s correlation, r > 0.94 and p < 0.0001) (data not
shown), and the range of NL4-3 normalized Gag-protease replication
capacities (range = 0.43 – 1.04; average = 0.72) was similar to that
previously reported for subtype C Gag-protease (19, 33) (Figure 3A).
The difference in replication capacity (in the absence of IFN-a) by
compartment for each individual was not in a consistent direction,
A B

DC

FIGURE 1 | Gag sequence differences between the reservoir variants and pre-therapy plasma variants. (A–C) Panel (A) shows the number of unique amino acid
mutations in the reservoir-derived variants with respect to the pre-therapy plasma variants for individuals treated early in infection (grey) or late in infection (black). The
same is shown for the subset of these unique mutations that are non-consensus and in or flanking cytotoxic T lymphocyte (CTL) epitopes restricted by HLA-I alleles
expressed by the patient i.e. potential CTL escape mutations. Also shown are potential CTL escape mutations in the HIVconsvX immunogen region only (HXB2 Gag
amino acid positions 133-363 and 391-459). Panels (B) and (C) are specific to the lymph nodes (LN) and peripheral blood mononuclear cells (PBMC), respectively,
while panel A represents both LN and PBMC. Unique mutations are those mutations in the reservoir viruses that are not detected by single genome amplicon (SGA)
sequencing and/or deep sequencing of bulk amplicons in the pre-therapy plasma virus or virus derived from peripheral blood up to one week after attainment of
plasma viremia suppression. (D) The number of potential CTL escape mutations in Gag, and in the HIVconsvX immunogen region only, is shown for the pre-therapy
plasma for individuals treated early in infection (grey) or late in infection (black). The Mann-Whitney U test was used to compare the different mutation categories
between the early and late treated groups. Only p values less than < 0.1 are shown.
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and therefore not significant overall (repeatedmeasures ANOVA, p =
0.7) (Figure 3A). Similarly, two-way comparisons of replication
capacity between compartments showed no significant differences
(paired T test, p > 0.33) (Figure 3A). A sub-analysis including only
individuals (n = 8) where the cultured virus outgrowth encoded
unique mutations that were present in the reservoir virus with respect
to the pre-therapy plasma virus, yielded similar results (paired T test,
p > 0.41) (data not shown).

IFN-a resistance was calculated as the ratio of replication
capacity in the presence and absence of IFN-a. Representative
flow cytometry data used to calculate IFN-a resistance is shown
in Figure S2. Overall, there was no significant difference in IFN-
a resistance between the different compartments (repeated
measures ANOVA, p =0.36), however two-way comparisons
showed that there was tendency for lower IFN-a resistance in
the viruses derived from the LN reservoir compared to those
Frontiers in Virology | www.frontiersin.org 8
derived from pre-therapy plasma (paired T test, p = 0.03)
(Figure 3B). A similar trend was observed when only the
viruses with sequence differences between compartments were
included in a sub-analysis (LN reservoir versus pre-therapy
plasma, paired T test, p = 0.07) (data not shown).

In summary, Gag-driven replication capacity and IFN-a
resistance were overall similar between reservoir viruses and
pre-therapy plasma viruses, although there was a trend of lower
IFN-a resistance of the viruses derived from the LN reservoir.

Similar Cell-to-Cell Spread Ability of
Gag Proteins From Reservoirs and
Pre-Therapy Plasma
Cell-to-cell spread is an important mechanism of HIV-1
infection that may have higher relevance than cell-free spread
in cell-dense regions (34), such as the lymph node, and may also
A B

D

E F

C

FIGURE 2 | Gag mutations unique to the reservoir in replication-competent viruses encoding gag-protease from the reservoir. (A–B) The pie chart in panel
(A) depicts the proportion of amino acid mutations unique to the reservoir, when compared to the pre-therapy plasma, that are present in the replication competent
recombinant viruses encoding the patient-derived gag-protease from the lymph node (LN) and peripheral blood mononuclear cell (PBMC) reservoir. This proportion is
shown in green, while the proportion of amino acid mutations unique to the reservoir that were not represented in the virus outgrowth are shown in blue. Of the
unique mutations that were present in the virus outgrowth, panel (B) shows the proportion that are in or within 5 amino acids of CTL epitopes restricted by the
patient HLA-I alleles (shown in light green), versus the proportion that were not in these epitopes (shown in darker green). (C–F) Panels (C) and (D) are specific to
the LN reservoir only and panels E and F are specific to the PBMC reservoir only.
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be a mechanism to allow infection in the presence of
antiretroviral drugs (35). Cell-to-cell spread ability of viruses
encoding Gag-protease from the reservoirs and pre-therapy
plasma was therefore compared.

Duplicate independent measurements of cell-to-cell spread
ability were highly concordant (Pearson’s correlation, r = 0.96
and p < 0.0001) (data not shown). Representative flow cytometry
plots used to calculate cell-to-cell spread are shown in Figure S3.
Overall, there was no consistent direction of difference in viral
cell-to-cell spread ability between compartments (repeated
measures ANOVA, p = 0.32) (Figure 4). Similarly, two-way
comparisons of virus cell-to-cell spread between compartments
showed no significant differences (paired T test, p > 0.46). In
summary, cell-to-cell spread ability was similar for viruses
derived from the reservoir compartments and pre-
therapy plasma.

Cytokine Induction by Viruses Encoding
Gag Proteins From Reservoirs and the
Pre-Therapy Plasma Is Overall Similar
Cytokines are deployed in the initial stage of viral infections and
most of the damage imposed on virus-infected cells is the result
of cytokine responses (36). Mutations in the Gag protein have
been reported to influence induction of antiviral cytokines (14).
Therefore, cytokine induction in cellular supernatants following
infection with viruses encoding Gag proteins from the reservoirs
and pre-therapy plasma was investigated to assess whether
viruses from these compartments differ in their ability to evade
immune responses through altered induction of cytokines.

Overall, the 27 cytokines measured were consistent between
compartments in the hierarchy of concentration in the cellular
supernatants (Table 3). The levels of RANTES, FGF, PDGF-bb,
and IL-4 differed significantly between compartments (repeated
measures ANOVA, p < 0.05 and q < 0.4) (Table 3). To assess
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whether these cytokines were significantly altered by HIV
infection or at similar levels in the supernatants of uninfected
cell cultures, the cytokine level was compared between the
supernatants of infected cell cultures (infected with viruses
from the different compartments) and uninfected cell culture
controls for these 4 cytokines. While FGF and IL-4 were at
similar levels between the infected and uninfected cell cultures
(Student’s T test, p = 0.96 and p = 0.21, respectively), RANTES
and PDGF-bb were significantly higher in infected cell cultures
than uninfected cell cultures (Student’s T test, p = 0.005 and p =
0.01, respectively). Thus, RANTES and PDGF-bb were both
significantly different between the different compartments
compared as well as significantly altered by HIV infection
(Figure 5). Specifically, PBMC reservoir-derived viruses were
associated with lower levels of RANTES when compared to LN
reservoir-derived viruses (paired T test, p = 0.02). In addition,
PDGF-bb was lower in supernatants of cultures infected with LN
reservoir-derived viruses than pre-therapy plasma-derived
viruses, although this was a trend and not statistically
significant (paired T test, p = 0.07). A sub-analysis of only the
8 individuals for whom outgrowth viruses differed in sequence
between compartments, supported the associations observed
with the full dataset (data not shown).

To further investigate whether there are differences in
cytokine profi les induced by viruses from different
compartments, cytokines were also grouped according to
reported properties: pro-inflammatory (IL-1beta, IL-6, TNF-
alpha, IL-8, MCP-1, MIP1-alpha, MIP1-beta), anti-
inflammatory (IL-4, IL-10, IL-13, IL1-Ra), Th1 (IFN-gamma,
IL-2), Th2 (IL-14, IL-10, IL-13, IL-5), pro-HIV replication (TNF-
alpha, IL-1, IL-2, IL-6, IL-7, IL-15) and anti-HIV replication (IL-
10, IL-13, MIP1-alpha/beta and RANTES) (37–40). There were
no significant differences between compartments in these
cytokine groups (data not shown).
A B

FIGURE 3 | Replication capacities and interferon-alpha resistance of viruses encoding gag-protease from pre-therapy plasma and the reservoir. (A) The replication
capacities of the recombinant viruses encoding gag-protease from the lymph node (LN) and peripheral blood mononuclear cell (PBMC) reservoirs, as well as from
the pre-therapy plasma (PL), in the absence of type I interferon alpha (IFN-a) is shown. Replication capacity is expressed relative to the NL4-3 control (replication
capacity = 1). (B) The IFN-a resistance (ratio of replication capacity in the presence and absence of IFN-a) of these viruses is shown. The overall repeated measures
ANOVA p value is shown as well as the paired T test p values from two-way comparisons.
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TABLE 3 | Heat map of average cytokine concentrations (pg/ml) in cultures infected with Gag recombinant viruses derived from PL, LN and PBMC compartments.

Cytokine PL LN PBMC p
value

q
value

Controlb

MIP-1a 0,505 0,514 0,460 0,651 0,834 0,556
Eotaxin 0,646 0,735 0,664 0,302 0,702 0,320
IL-1b 1,015 0,785 0,688 0,204 0,687 1,802
IL12 1,105 0,785 0,546 0,387 0,721 0,950
IL4 1,289 1,267 0,959 0,047 0,279 0,744
MIP-1b 1,507 1,770 1,965 0,869 0,939 0
IL9 1,560 3,165 1,251 0,280 0,702 0,014
IL6 1,901 2,131 1,885 0,480 0,762 0,192
GM-CSF 1,941 1,998 1,712 0,822 0,939 0,408
IL10 3,054 3,628 2,977 0,338 0,702 0
IL13 3,225 2,893 2,874 0,176 0,680 1,412
MCP-1 4,060 3,686 3,167 0,460 0,762 1,070
IL17 4,283 4,395 4,088 0,634 0,834 0,114
IFN-g 5,051 5,805 5,138 0,848 0,939 1,942
IL7 5,741 3,651 2,875 0,169 0,680 9,918
IL8 10,850 11,915 10,298 0,653 0,834 5,642
RANTESa 10,995 12,256 8,980 0,008 0,122 4,796
IP-10 17,527 20,719 14,702 0,944 0,944 3,554
G-CSF 21,829 23,498 23,173 0,944 0,944 4,212
IL5 29,438 32,771 28,796 0,337 0,702 0
FGF-
basic

34,277 31,762 29,141 0,010 0,122 31,680

IL2 37,078 39,019 33,378 0,679 0,834 19,276
PDGF-bba 61,073 58,554 49,365 0,014 0,122 26,274
VEGF 85,573 118,772 77,071 0,052 0,279 7,610
IL-RA 250,161 210,802 186,311 0,401 0,721 137,294
IL15 323,407 383,994 358,848 0,624 0,834 0
TNF-a 3207,291 3566,145 2787,167 0,257 0,702 983,422
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PL, plasma; LN, lymph node; PBMC, peripheral blood mononuclear cells. Cytokines were measured from cell culture supernatants collected 24 hours after infection. The colours indicate
cytokine concentrations, where red represents the highest concentration, yellow represents intermediate concentrations and green represents the lowest concentrations.
aCytokines for which there is both a significant difference in cytokine level by compartment from which viruses were derived (repeated measures ANOVA, p < 0.05 and q < 0.4) as well as a
significant difference in cytokine level between infected cell cultures and uninfected cell culture controls (Student’s T test, p < 0.05). Values are highlighted in bold.
bAverage cytokine level in the supernatants of uninfected cell culture controls. Cytokine level was compared between the uninfected cell culture controls and infected cell cultures (infected
with viruses from compartments PL, LN and PBMC) only for those cytokines that differed significantly between the compartments. This was only statistically significant for RANTES (p =
0.005) and PDGF-bb (p = 0.01).
A B

FIGURE 4 | Cell-to-cell spread ability of viruses encoding gag-protease from pre-therapy plasma and the reservoir. HIV cell-to-cell spread of the recombinant
viruses encoding gag-protease from the lymph node (LN) and peripheral blood mononuclear cell (PBMC) reservoirs, as well as from the pre-therapy plasma (PL), was

measured. Cell-to-cell spread was measured by intracellular Gag staining in target cells, pre-stained with CellTrace™ far red, after incubation with HIV-infected donor
cells (titrated to 5% infection) that were stained with eFlour450. (A) The percentage infected target cells at 0, 24 and 48 hours is shown for the viruses derived from
the different compartments, as well as for the positive (NL4-3) and negative (mock) controls. (B) The percentage infected target cells at 48 hours was the measure of
cell-cell spread ability. The overall repeated measures ANOVA p value is shown as well as the paired T test p values from two-way comparisons of viruses from the
different compartments.
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DISCUSSION

HIV variants present in the reservoir, particularly in tissues, may
differ from those present in peripheral blood prior to therapy
initiation, and characterisation of these reservoir variants could
better inform immune-based interventions for HIV cure. In the
present study, Gag sequence differences as well as Gag
phenotypic differences (in terms of replication capacity, IFN-a
resistance, cell-to-cell spread ability, and induction of antiviral
cytokines) between the viruses derived from the LN and PBMC
reservoirs and those derived from pre-therapy plasma,
were investigated.

In all late treated individuals, and 3 of 7 early treated
individuals, a limited number of unique Gag mutations were
identified in the LN and PBMC reservoir with respect to the pre-
therapy plasma. The timing of the development of the novel
mutations in the reservoir is not certain since longitudinal
sampling of the LN reservoir spanning pre-treatment initiation
and post-treatment initiation was not done. It is possible that the
novel mutations in the reservoir were already present at the time
of treatment initiation due to virus compartmentalization, which
has been previously described for HIV variants when comparing
LN and PBMCs (8), and when comparing PMBCs and plasma
(41). Virus compartmentalization present at the time of
treatment initiation likely explains in part the novel mutations
observed in the reservoir, since there was an association between
the timing of treatment initiation and identification of novel
mutations in the reservoir, where all late treated individuals had
novel mutations in the reservoir while this was observed for only
half of the early treated individuals. Further, 2 of the 3 early
treated individuals with novel mutations in the reservoir initiated
treatment slightly later (in Fiebig stages III and V) than the other
early treated individuals, allowing more time for development of
mutations prior to treatment initiation. It is however important
to note that, in these 2 individuals, it was confirmed that the
Frontiers in Virology | www.frontiersin.org 11
novel mutations were not present in PBMCs shortly after viral
suppression (Table 2 and Table S1). While LNs were not
similarly collected around the time of ART initiation or virus
suppression in these specific individuals, in another 3 early
treated donors with LN collection within 2 weeks of ART
initiation, no novel Gag mutations were observed in the LN,
which may point to the possibility that novel mutations in the
reservoir could also develop after treatment initiation.

One of the 3 early treated individuals with novel mutations in
the reservoir, initiated treatment in Fiebig I and was infected with
a single virus variant. However, the individual experienced a
transient low-level plasma virus blip prior to LN collection,
suggesting that non-optimal adherence to ART may have led
to development novel mutations in the reservoir after ART
initiation in this case. It is also possible that viral suppression
in the LNs may take longer than in peripheral blood since drugs
do not penetrate the LNs as readily (42), thereby allowing a
limited opportunity for development of mutations in the LN
after plasma virus suppression. Another possibility is that Gag
evolution in the reservoir could occur via expression of Gag (yet
without full virus replication) from infected cells followed by
CTL-mediated deletion of cells with susceptible Gag, leading to
selection of sequences in the reservoir that are resistant to CTL. A
more controversial possibility is the development of mutations
due to persisting low-level replication during therapy despite
plasma virus suppression, which is supported by some studies to
occur in a subset of individuals (42–46) while other studies did
not find evidence of this (47–52). Various factors, including body
compartment (50) and perhaps population differences involving
virus and host factors (e.g. immune activation or co-infection
status) (2), could potentially influence the answer to this
question. Further research is required to address this
controversial question in the setting of low- or middle-income
countries. Furthermore, other reservoir sites for which some
evidence of productive infection has been reported, in particular
A B

FIGURE 5 | Differing cytokine levels induced by viruses encoding gag-protease from pre-therapy plasma and the reservoir. Cytokines were measured in the supernatants of
cell cultures infected with recombinant viruses encoding gag-protease from the lymph node (LN) and peripheral blood mononuclear cell (PBMC) reservoirs, as well as from the
pre-therapy plasma (PL). Cytokines that differed significantly between cultures infected with viruses from different compartments, and were also significantly higher in infected
cell cultures compared to uninfected cell culture controls, are shown, namely RANTES (A), and PDGF-bb (B). The overall repeated measures ANOVA p value is shown as well
as the paired T test p values from two-way comparisons of the PL, LN and PBMC compartments. The average cytokine level in the supernatants of the uninfected cell
controls was 4.796 pg/ml and 26.274 pg/ml for RANTES and PDGF-bb, respectively, and differed significantly from the average cytokine level in the supernatants of cell
cultures infected with viruses from the different compartments (Student’s T test, p = 0.005 and p = 0.01, respectively).
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the gut ileum (43), should be considered in these studies.
Resolving this controversy is critical to HIV cure efforts: if
ongoing virus replication in sanctuary sites during ART
contributes to virus persistence, then improving penetration of
ART into these sites should be high priority in HIV cure
strategies, and if not, then cure strategies should primarily
focus on eliminating long-lived latently infected cells.

Interestingly, the majority of the novel Gag mutations in the
reservoir were possible CTL escape, based on the HLA-I alleles
expressed by the individuals. This suggests that the reservoir
virus composition could be shaped by CTL pressure on Gag. As
discussed above, the novel Gag CTL mutations may not
necessarily have arisen uniquely in the reservoir after therapy
initiation, but may be detected as unique in the reservoir due to
virus compartmentalisation present at the time of therapy
initiation, reversion of non-consensus variants to consensus in
the pre-therapy plasma, or ongoing CTL-mediated deletion of
cells in the reservoir that express susceptible Gag. The reservoir
virus had very few unique potential CTL escape mutations in
Gag (median = 3; and approximately half of these were in the
outgrowth virus) compared to the number of potential CTL
escape mutations that were already present in the plasma at the
time of treatment initiation (median = 23). Although there was a
tendency for less unique CTL mutations in the reservoir of early
treated compared to late treated individuals, this number was
very low in both groups. Interestingly, whether treatment was
initiated late or early, there was a similar number of potential
CTL escape mutations present in the plasma at the time of
therapy initiation, and overall in the reservoir. This is in
agreement with previous reports describing that most escape
mutations are already present at transmission with a slow
accumulation thereafter (53, 54) and with a previous study
showing a similar depth and number of escaped epitopes in
acute and chronic infection (55). These studies appear to conflict
with another study which reports that the latent virus in
peripheral blood has a greater dominance (or depth) of CTL
escape mutations in individuals who initiated treatment in
chronic infection compared to those who initiated treatment in
acute infection (12). With the exception of that study (12), the
data indicate that early or late treatment will not likely make a
large difference to the extent of escape to a CTL-based vaccine
targeting Gag. HIVconsvX, which is one of the most recent CTL-
based vaccine immunogen designs, is a second generation
conserved-region immunogen under development for use as an
HIV therapeutic vaccine and it contains a large portion of Gag
(30). In the present study, whether early treated or late treated, all
individuals had a similar level of potential CTL escape mutations
in the HIVconsvX region of Gag in the virus derived from pre-
therapy plasma (median = 9), and very few unique mutations in
the reservoir were in this HIVconsvX immunogen (median = 1).
The data support that there is likely to be inherited escape in
some of the epitopes within the HIVconsvX region that can be
targeted by an individual’s HLA-I alleles, whether starting
treatment early or late. It should be noted that the definition of
potential CTL escape used in the present study is relaxed and is
likely an overestimate of escape, particularly since a recent study
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showed that less than half of CTL epitopes containing non-
consensus mutations actually resulted in a > 50% loss in CTL
response (55). Taken together, the evidence presented here
suggests that a CTL-based therapeutic vaccine targeting Gag is
likely to have similar effectiveness against reservoir variants from
the LN and PBMC, and against pre-therapy variants from
peripheral blood, and that a similar quantity of escape
mutations in Gag is likely to be present in early and late
treated individuals.

Given the Gag sequence differences observed between
reservoir viruses and pre-therapy plasma viruses, it was
investigated whether these limited genetic differences resulted
in phenotypic differences that could affect immune-based
interventions proposed for HIV cure. Specifically, resistance to
IFN-a, HIV cell-to-cell spread ability, and induction of
cytokines, were measured, as the sequence of Gag is known to
play a role in these outcomes (14, 15, 32). There was no evidence
in the present study that the viruses in the PBMC or LN reservoir
differed substantially in these characteristics, based on Gag alone,
when compared to those in the pre-therapy plasma.

Although type I interferons are important antiviral cytokines
and may have therapeutic benefits, the evidence largely shows
that blockade of IFN-a and thereby dampening of chronic
inflammation reduces the reservoir, enhances CD8+ T cell
function, and delays viral rebound on ART interruption, and
therefore interferon blockade as well as anti-inflammatory agents
may be useful tools in virus eradication (2, 56). In the present
study, IFN-a resistance level was overall similar between
reservoir viruses and pre-therapy plasma virus, although there
was a tendency for slightly lower IFN-a resistance of viruses
derived from the LN reservoir when compared to pre-therapy
plasma virus, which had similar IFN-a resistance to viruses
derived from the PBMC reservoir. A recent study also reported
similar IFN-a resistance of isolates derived from the PBMC
reservoir when compared to isolates obtained from plasma just
before ART initiation, however, in that study it was found that
the rebound viruses following ART interruption had enhanced
IFN-a resistance (57). This suggests that host innate pressures
are high during virus rebound in vivo and that in vitro outgrowth
virus may not be fully representative of the rebound virus,
particularly in terms of IFN-a resistance. Cure strategies that
rely on the IFN-a pathway may need to take into account IFN-a
resistance ability of the rebound virus, while approaches that seek
to block this pathway are not as likely to be affected by
this characteristic.

Cell-to-cell spread is an important mechanism of HIV
infection that may allow infection in the presence of
antiretroviral drugs (35), hence cell-to-cell ability of pre-
therapy plasma and reservoir-derived variants were
compared. Moreover, broadly neutralising antibodies, an
important component of immune-enhancing virus
eradication strategies (2), have varying abilities in inhibiting
viral cell-to-cell spread (58). In the present study, there was no
evidence of a more efficient ability of reservoir-derived variants
for this mode of cellular propagation. These are Gag focused
studies and so a potential effect mediated by Env cannot be
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ruled out as both Gag and Env are determinants of cell-to-cell
spread (15, 59).

Cytokines have dichotomous effects depending on the cell types
present, timing of cytokine exposure and level of cytokine, therefore
it is difficult to interpret in vitro results and translate them to the in
vivo situation or proposed therapies (60, 61). Examples of cytokines
proposed for use as part of an HIV eradication strategy include IL-
15 (due to its effect of increasing cytotoxic T cells in LN follicles)
(62) and IL-21 (reduces gut inflammation via promoting Th17 and
Th22 cell restoration in the gut) (63). In the present study, the
cytokine profile (considering 27 different cytokines) induced was
very similar between virus variants from the reservoir and pre-
therapy plasma. There were some differences between reservoir and
pre-therapy variants for two cytokines only, namely PDGF-bb and
RANTES. PDGF (64) has been implicated as a mediator of
pathology (neuro-inflammation) in HIV-infected individuals,
while RANTES (65–67) can have either antiviral effects or
stimulate HIV replication depending on the conditions. However,
when considering the effects of cytokines as groups with similar
well-known effects there were no overall patterns that suggested
selection for reservoir viruses with altered induction of antiviral
cytokines, pro-inflammatory cytokines or anti-inflammatory
cytokines. Therefore, based on these results, there is no strong
evidence that the Gag sequence of viruses in different reservoir
compartments is a factor influencing immune-based interventions
that rely on induction of cytokines.

A major limitation of this study is that only Gag was studied,
and other genes could contribute to phenotypic differences in
reservoir viruses. Although replication-competent Gag was
identified in the reservoir, it was not determined if the
functional Gag protein was within a virus that was replication-
competent. A large portion of proviral DNA is defective (31).
However, the minority (40%) of defective viruses have an intact
Gag while the majority (60%) of defective viruses have a defective
Gag, as has been observed from single genome amplification
within HIV-infected Durban cohorts (31). Future studies of
other virus proteins, or the whole isolate, from the virus
reservoir will be required for a more comprehensive picture. It
should also be noted that the viruses studied encoded bulk Gag-
protease sequences from the reservoir. The goal of using the bulk
approach for functional analysis is to attempt to capture the virus
pool such that it is closely representative of the quasispecies within
the patient, however the disadvantage is that the function of
precise sequences is not known. Another potential limitation of
the bulk approach is that the variants in the quasispecies with the
highest replication capacity may be selected in culture [although
about 60% of the mixtures in bulk PCR products are represented
in the virus stocks obtained using this assay and the assay is able to
distinguish high and low replicating strains (19, 33, 68)]. Another
study limitation is that viruses isolated in vitromay not necessarily
represent the rebound virus in vivo (57), and further work to
characterise rebound viruses is warranted. It is also important to
note that the cytokine work was performed using a T cell line and
results may differ in monocyte cell lines or in primary cells.

In conclusion, a limited number of novel Gag mutations in
the reservoir of some early treated participants and all late
Frontiers in Virology | www.frontiersin.org 13
treated participants was observed, where the majority were
likely CTL-driven. The data suggest that partial CTL escape in
conserved immunogen regions of Gag is present in the reservoir
and that the extent of escape is likely similar between early and
late treated individuals, as well as between the reservoir and pre-
therapy virus variants. The unique sequence differences in Gag
from the reservoir viruses did not result in reservoir viruses that
were substantially different to pre-therapy plasma viruses, in
terms of IFN-a resistance, HIV cell-to-cell spread ability and
induction of cytokines, suggesting that these sequence differences
are unlikely to significantly affect immune-based interventions
for virus eradication.
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Supplementary Figure 1 | Phylogenetic relatedness of the gag-protease
sequences from reservoirs, pre-therapy plasma and their matched recombinant
viruses. A maximum likelihood tree showing the phylogenetic relatedness of HIV-1
subtype C gag-protease sequences from the pre-therapy plasma (in blue),
peripheral blood mononuclear cells (in black), lymph nodes (in red) and respective
Frontiers in Virology | www.frontiersin.org 14
recombinant viruses at a scale of 0.008. “PL” indicates pre-therapy plasma, “PB”
indicates peripheral blood mononuclear cells and “LN” indicates lymph node
mononuclear cells. The suffix “PCR” indicates the sequences of amplicons from the
different body compartments, while “Virus” indicates the sequences from the
matched cultured recombinant viruses. Highlighted in green are the HIV 1 subtype
C consensus and NL4-3 laboratory strain virus sequences.

Supplementary Figure 2 | Representative flow cytometry plots measuring
replication capacities of viruses in the presence and absence of interferon alpha.
The replication capacities of the recombinant viruses encoding gag-protease from
the lymph node (LN) and peripheral blood mononuclear cell (PBMC) reservoirs, as
well as from the pre-therapy plasma, in the presence and absence of type I
interferon alpha (IFN-a) was measured. Replication capacity was measured as the
spread of infection from days 3 to 6 post-infection, where infected cells (expressing
green fluorescent protein [GFP]) were detected by measurement of GFP by flow
cytometry. Replication capacity was calculated as the natural log of the slope of
exponential increase in GFP positive cells. IFN-a resistance was calculated as the
ratio of the replication capacity in the presence and absence of IFN-a.
Representative data from participant 111-33-0067-0 (PID 0067) is shown.

Supplementary Figure 3 | Flow cytometry gating strategies in the HIV cell-to-cell
spread assay. (A) Gating of Jurkat cells based on forward scatter (FSC) and side
scatter (SSC) plots is shown. Zombie NIR was used to distinguish live cells from
dead cells. Plots show (i) uninfected Jurkat cells and (ii) Jurkat cells infected with
100ng p24 equivalent of virus derived from the plasma of participant 111-30-0098-
0 (0098PL), after 4-5 days of incubation. (B) CellTrace™ far red-stained Jurkat cells
(target cells - APC) and eFlour 450-stained Jurkat cells (donor cells – BV 450) are
shown. (C) Plots show the spread of infection in both donor and target cells from 0-
48 hours following co-culture of donor (5% infected) and uninfected target cells at a
ratio of 1:1. Infected cells were detected by intracellular Gag p24 staining (p24-PE).
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