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SUMMARY

Persistence of HIV through integration into host DNA in CD4+ T cells presents a major barrier to virus eradication. Viral integration may be curtailed when CD8+ T cells are triggered to kill infected CD4+ T cells through
recognition of histocompatibility leukocyte antigen (HLA) class I-bound peptides derived from incoming virions. However, this has been reported only in individuals with ‘‘beneficial’’ HLA alleles that are associated
with superior HIV control. Through interrogation of the pre-integration immunopeptidome, we obtain proof
of early presentation of a virion-derived HLA-A*02:01-restricted epitope, FLGKIWPSH (FH9), located in
Gag Spacer Peptide 2 (SP2). FH9-specific CD8+ T cell responses are detectable in individuals with primary
HIV infection and eliminate HIV-infected CD4+ T cells prior to virus production in vitro. Our data show that
non-beneficial HLA class I alleles can elicit an effective antiviral response through early presentation of
HIV virion-derived epitopes and also demonstrate the importance of SP2 as an immune target.

INTRODUCTION
Antiretroviral therapy (ART) effectively suppresses HIV replication, yet treatment is not curative once infection is established
in the host. Cellular reservoirs are established following integration of reverse transcribed HIV RNA into host DNA, enabling it to
persist in a latent state that is insensitive to ART (Finzi et al., 1997;
Chun et al., 1997). Interruption of therapy permits transcription of
integrated viral DNA, leading to resumption of virion production.
Thus, lifelong adherence to ART is necessary.
HIV preferentially infects and replicates in activated CD4+
T cells, while infection of resting CD4+ T cells is generally restricted
or abortive (Doitsh et al., 2010; Zack et al., 2013). However,
completion of reverse transcription and integration in CD4+
T cells that are transitioning to a resting memory state may be a crit-

ical event in the formation of latent reservoirs, which are mostly established at or close to the time of ART initiation (Shan et al., 2017;
Abrahams et al., 2019). Reservoirs are dominated by integrated
proviruses that are genetically defective and incapable of producing virions, yet they may be transcriptionally active and translationally competent; the resulting gene products of these defective proviruses may act as a decoy to the adaptive immune system (Bruner
et al., 2016; Pollack et al., 2017). By contrast, replication-competent proviruses, which constitute a tiny fraction of all proviruses,
are largely transcriptionally silent during ART. The CD4+ T cell
clones that harbor these inducible proviruses (typically 1 per million
resting CD4+ T cells) are thought to persist as a result of homeostatic or antigen-driven proliferation (Chomont et al., 2009; Bui
et al., 2017; Reeves et al., 2018). These rare cells therefore present
a major challenge for host immune control or viral eradication
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because they are invisible to cytolytic T cells unless viral proteins
are synthesized, processed, and presented via histocompatibility
leukocyte antigen (HLA) molecules (Shan et al., 2012).
Current vaccination strategies focus primarily on eliciting
broadly neutralizing antibodies that can prevent HIV from gaining
a foothold. Although plausible, the potential for early cell-mediated immune responses to contain infection from the outset has
proved difficult to establish. Rare individuals who maintain low
or undetectable HIV viral loads in the absence of ART (HIV controllers [HICs]) show particularly effective antiviral CD8+ T cells in the
chronic phase of infection and also have smaller cellular HIV reservoirs, whether defined by assays that quantify total or integrated
proviruses or solely intact proviral DNA (Betts et al., 2006; Deeks
and Walker, 2007; Lambotte et al., 2005; Graf et al., 2011; Kwaa
et al., 2020). However, few HIC subjects have been studied during
primary HIV infection (Goulder and Deeks, 2018). Immune targeting of infected CD4+ T cells during the ‘‘intracellular eclipse
phase’’ of the viral life cycle and prior to viral integration may be
an important mechanism underlying these individuals’ ability to
achieve sustained control of HIV, because it could limit the seeding of HIV reservoirs during primary infection (Nelson et al., 2001;
Buckheit et al., 2013). Evidence to support this notion comes from
observations that Gag- and Pol-specific CD8+ T cell lines from
simian immunodeficiency virus (SIV)-infected macaques and
HICs recognized in vitro-infected CD4+ cell lines and activated
or resting primary CD4+ T cells while in this non-productive eclipse
phase (Sacha et al., 2007a, 2007b; Payne et al., 2010; Kløverpris
et al., 2013; Buckheit et al., 2013; Monel et al., 2019). From this, it
has been inferred that CD8+ T cell killing of non-productively infected CD4+ T cells is dependent on presentation of HIV peptides
derived from incoming virions shortly after completion of cellular
entry. However, direct evidence for this is limited. Furthermore,
the aforementioned studies have reported this phenomenon
only in the context of HLA class I alleles that are known to be enriched in HICs (HLA-B*57:01, B*58:01, B*27:05). Approximately
30% ‘‘elite’’ HICs (those with plasma viral loads typically <50
copies/mL) and 40%–50% viremic HICs (viral loads <2,000–
10,000 copies/mL) do not have any known beneficial alleles,
and the mechanisms of control in these individuals are not fully
defined (Emu et al., 2008; Pereyra et al., 2008; Mothe et al., 2011).
Here, we identified individuals without beneficial HLA class I
alleles who showed efficient killing of autologous CD4+ T cells
within 24 h of HIV superinfection. By interrogating the HLA class
I-associated immunopeptidome for HIV epitopes presented specifically in the intracellular eclipse phase of the viral life cycle, we
identified an HLA-A*02:01-restricted Gag Spacer Peptide 2
(SP2, also known as p1) epitope, FLGKIWPSH (FH9), that is preferentially presented in the eclipse phase. This peptide has not
previously been described as a 9-mer epitope, and very little is
known about the function of SP2, beyond its role as a spacer between the nucleocapsid and p6 domains of the Gag polyprotein.
We show that FH9-specific CD8+ T cells efficiently eliminate infected CD4+ T cells in vitro, before they start to produce new virions. Furthermore, we show that processing of a virion-derived
protein may generate different epitopes from those produced
post-transcriptionally, because FH9-specific CD8+ T cells that
did not cross-react with the 10-mer epitope were detected
in vivo. Together, these results advance our understanding of
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the importance of SP2 as a therapeutic or vaccine target and
provide a possible mechanism through which apparently nonbeneficial HLA alleles influence host immune control of HIV.
RESULTS
Kinetics of HIV Gag expression in primary CD4+ T cells
during the intracellular eclipse phase
We first established an in vitro infection model to show that activated bulk primary CD4+ T cells harboring HIV in the pre-integration phase after infection could be identified by detection of intracellular Gag prior to new virion production. To accomplish this,
we used a GFP-labeled Nef-competent HIV isolate, NLAD8
EGFP IRES_Nef (hereafter referred to as HIV-GFP). Gag+ cells
could be detected by intracellular staining as early as 2 h postviral entry, whereas GFP expression was detected after only 18
h. Therefore, HIV-infected cells in the intracellular eclipse phase
(pre-integration) were identified as Gag+GFP (Figures 1A and
1B), while productively infected cells were identified as
Gag+GFP+. To confirm that the capsid is rapidly degraded prior
to viral integration, we assessed Gag p24 abundance by western
blot over a 24-h period following infection of primary CD4+ T cells
from a panel of 13 HIV-naive donors. This assay showed that the
p24 signal declined significantly during this time frame (Figures
1C and 1D). In contrast, p41 expression and p55 expression
increased over a time course of 120 h post-infection, consistent
with the synthesis of HIV polyproteins after integration and viral
gene transcription (Figure 1E; Figure S1). Furthermore, GFP
expression could be blocked by the addition of a reverse transcriptase inhibitor (zidovudine) or an integrase inhibitor (raltegravir) immediately after spinoculation with HIV, whereas intracellular Gag expression was blocked only by inhibition of viral
entry with a fusion inhibitor, T20 (Figure 1F). Together, these
data confirmed that the p24 signal up to 18 h post-spinoculation
was derived from incoming virions (Figure 1F).
Eclipse phase killing by CD8+ T cells is an efficient
control mechanism, irrespective of HLA class I
haplotype
To investigate whether intracellular eclipse phase killing could be
elicited by viral peptide presentation in the context of any HLA
class I allele, we selected eight subjects with chronic HIV infection (CHI) and diverse genetic backgrounds, only one of whom
(OXF3) had an HLA class I allele (HLA-B*58:01) with a previously
defined association with early antigen presentation (Table S1,
OXF1–8). Because the antiviral activity of circulating HIV-specific
CD8+ T cells declines with suppression of viremia, these subjects
were sampled prior to ART initiation (Hancock et al., 2017; Fidler
et al., 2020). Purified CD4+ T cells from these subjects were
superinfected with HIV-GFP and cultured with autologous
freshly isolated CD8+ T cells in independent, parallel experiments, to enable sampling over 2–72 h. Eclipse phase killing
was determined from the reduction in Gag+GFP cells in
CD4+/CD8+ T cell co-cultures when compared with CD4+
T cells cultured alone. Two individuals showed detectable killing
as early as 2 h post-infection, and a further four subjects showed
a response by 6 h, ranging from 5% to 36%. Infected cell killing
approached peak values by 24 h in five of eight subjects
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Figure 1. Detection of HIV-infected primary
CD4+ T cells in the intracellular eclipse phase
(A) Representative staining showing Gag p24
expression in mock-infected (top) and HIV-GFP-infected (NLAD8 EGFP IRES_Nef) CD4+ T cells (bottom left and right).
(B) Frequency of Gag p24-positive GFP-negative
and GFP-positive CD4+ T cells after infection with
HIV-GFP (MOI of 0.01) during 96-h culture. In the dot
plot, p24+ GFP cells (bottom right quadrant) are in
the intracellular eclipse phase.
(C and D) Representative western blot image
showing relative abundance of Gag p24 (25k) (C)
and normalized p24 optical density measured at 2,
6, and 24 h in HIV-GFP-infected CD4+ T cells from 13
HIV-naive donors during 24-h culture with tenofovir
disoproxil (1 mM) (D). Horizontal lines indicate median values. p values were obtained by Friedman’s
test with Dunn’s post-test for multiple comparisons.
(E) Representative western blot image showing
decrease in p24 expression from 2 to 120 h after
HIV-GFP infection, with detection of Gag polyproteins p55k and p41, indicative of de novo protein
synthesis at this time.
(F) Inhibition of viral integration and de novo protein
synthesis, measured as % GFP+ cells, in the presence of a reverse transcriptase inhibitor (zidovudine
[ZDV]) or an integrase inhibitor (raltegravir [RAL])
when added immediately after infection. p24
expression was inhibited only by a fusion inhibitor,
T20 (enfuvirtide), which blocks viral entry. The data
shown were obtained 72 h post-infection.

(Figure 2A). Linear regression analysis showed that the percentage elimination value at 18 h post-infection accounted for 66% of
the variation in the overall maximal killing observed (p = 0.014;
Figure 2B). The 18-h time point was chosen for this analysis on
the assumption that it represents the midpoint between the
earliest possible effect of Nef on HLA class I expression (12 h
post-infection) and the end of the eclipse phase (24 h; Figure 1B)
(Sacha et al., 2007b; Althaus and De Boer, 2011). These data
indicate that elimination of infected cells while in a non-productive state is an important determinant of HIV-specific CD8+ T cell
efficacy. Furthermore, although we did not map the viral epitopes targeted by CD8+ T cells in these individuals, the data suggest that early killing may be elicited by a wider range of epitopes
than has been previously suspected.
Identification of an HLA A*02:01-restricted 9-mer peptide,
FLGKIWPSH (FH9), that is preferentially presented on HLA
class I complexes during the intracellular eclipse phase
Next, we sought to confirm that HIV epitopes could be presented
on the surface of CD4+ T cells during the intracellular eclipse

phase through direct elution and identification of HLA class I-associated peptides.
We infected CD8-depleted peripheral
blood mononuclear cells (PBMCs) from
three HIV-naive donors with HIV-GFP virus
at a multiplicity of infection (MOI) of 0.01
(cone 1: 120 million; cone 11: 90 million;
cone 9: 105 million PBMCs) (Figure 3A). The frequencies of
HIV-infected cells, as determined by intracellular p24 expression, in these samples were 29.8%, 32%, and 25%, respectively.
Cells were lysed at 6 h and, for cone 11, also at 24 h post-infection (Figure 3A). Peptide-loaded HLA complexes were captured
using the HLA class I-specific, conformation-dependent monoclonal antibody W6/32. HLA class I-associated peptides were
isolated and analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS), as described previously (Purcell
et al., 2019). At 6 h, 1,811–3,799 unique peptides were identified
in infected CD4+ T cells from the three donors (Figure 3B). The
majority were 8–12 amino acids long (94%, 95%, and 98% for
the three donors, respectively), with 9-mers being the most
abundant species (Figure 3C).
Overall, four unique HIV-derived peptides were identified
(Table S2). The eluted HIV peptides at 6 h were derived from
either Gag SP2 (3/3 donors) or Vpu (1 donor). In two donors,
the same two Gag SP2 peptides were identified: a 9-mer
FLGKIWPSH (FH9) and a 16-mer incorporating this sequence
(FLGKIWPSHKGRPGNF) that represented the natural sequence
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Figure 2. Kinetics of infected cell elimination
by autologous CD8+ T cells from ART-naive
subjects with diverse HLA allotypes
(A) Elimination of HIV-GFP superinfected CD4+ T cells
by ex vivo autologous CD8+ T cells (E:T = 1:1) from
eight CHI ART-naive individuals. Independent cocultures were sampled at 2, 6, 18, 24, 48, and 72 h,
with additional sampling at 12 h in one individual;
p24-positive cells were quantified by intracellular
staining. Curve fitting was performed using the linearquadratic model.
(B) Elimination values obtained in the 18-h culture
were plotted against maximum % elimination
(observed at 72 h in all subjects except OXF8, in
which it occurred at 48 h). Best-fit values and 95%
confidence bands are indicated by solid and dotted
lines, respectively. OXF3: HLA-B*58:01 positive.

4 Cell Reports 35, 109103, May 11, 2021

ll
OPEN ACCESS

Article

Figure 3. Identification of HIV peptides that are presented 6 h post-infection
(A) Schematic of the experimental layout.
(B) Number of identified peptide sequences in each sample.
(C) Length distribution of identified peptide sequences.
(D) FH9 peptide extracted ion chromatogram at 6 and 24 h (triply charged precursor, m/z([M+3H]3+) = 362.2028). Curves show the relative intensities of the
specific mass signal for the FH9 peptide eluting from the column over time (retention time [RT]).
(E) Relative abundance of the FH9 peptide in cone 11.
(F) Average intensity of tryptic peptides specific to p24 protein obtained in a tryptic digest of whole-cell lysate in cone 11.

of SP2. The latter peptide likely co-precipitated in these immunopeptidomic experiments because of membrane anchoring in infected cells, as previously reported (Partridge et al., 2018). We
also identified an 8-mer variant, FLGKIWPS (FS8), in two donors
and a Vpu-derived peptide, VALVVAIIIAIV, in one donor. Only
one HIV peptide, the full-length SP2 sequence was identified in
the 24-h-infected sample. The FS8 peptide has been reported
previously as an HLA-A*02:01-restricted epitope (https://www.
hiv.lanl.gov/content/immunology/), as have two 10-mer variants,
FLGKIWPSHK (FK10, with a histidine at position 9) and FLGKIWPSYK (FK10, with a tyrosine at position 9). The majority (95%)
of clade B and C isolates carry the H9 variant (https://www.hiv.
lanl.gov/content/index/). However, neither the FH9 nor the FY9
variants have been described before, although FY9 is reported
to be immunogenic (Yu et al., 2002; Ternette et al., 2016). The
abundance of FH9 at 6 h was >50-fold greater than at 24 h,
with the 24-h signal being hardly detectable above background
(Figures 3D and 3E). We also performed a tryptic digestion of
the cell lysate-obtained proteins and determined the relative
abundance of p24 protein by LC-MS/MS. In these experiments,
p24 declined in cell lysates between 6 and 24 h, reflecting the
intracellular delay in new Gag protein synthesis, as demonstrated in Figures 1C and 1D, and mirroring the decline in immunoprecipitated p24 HLA-bound peptides (Figures 3E and 3F).
Stable isotope labeling of amino acids in cell culture
confirms incoming virions as the source of Gag SP2derived peptide
To further confirm that the FLGKIWPSH peptide originated from
incoming viral protein material rather than from newly synthe-

sized viral protein, we performed stable isotope labeling by
amino acids in cell culture (SILAC) of T0 cells (a T/B cell hybridoma, 90 million cells) with heavy lysine (K4) and heavy arginine
(R10). We infected with the same unlabeled HIV-GFP isolate
for 6 and 24 h or mock infected (0 h) (Figure 4A). LC-MS acquisition and analysis of a tryptic digestion of these samples
confirmed 95% labeling efficiency in the samples. We then
analyzed the immunopeptidome (Gag-positive T0 cell frequencies were 22.5% and 27.5%, respectively) and identified
5,883, 6,649, and 6,513 peptides in mock-infected cells (0-, 6and 24-h-infected cells, respectively) (Figure 4B). The peptide
length distribution was similar to that observed in primary cells
at both the 6- and 24-h time points (Figure 4C). The peptide
ion signal indicated the presence of unlabeled FH9 peptide at
6 h, which strongly supported its origin from incoming virions
(Figure 4D). The HLA class I-presented FH9 peptide was again
more abundant at 6 h than at 24 h (Figure 4E), matching the trajectory of the total p24 signal in a tryptic digestion of total extracted protein (Figure 4F). None of the six tryptic peptides
matching to p24 were labeled, providing further evidence that
p24 protein was sourced from incoming virions.
The Gag SP2 FH9 peptide binds to HLA-A*02:01
The previously described FK10 epitopes are known to bind to
HLA-A*02, irrespective of variation at position 9 (Yu et al.,
2002; Pereyra et al., 2014; Llano et al., 2019). Because the three
HIV-negative donors in whom incoming virion-derived HIV peptides were identified were all HLA-A*02:01 positive, we predicted
that this allele would also be the restriction element for FH9.
However, although the leucine residue present in FH9 at position
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Figure 4. FH9 peptide does not originate from newly synthesized Gag proteins
(A) Schematic of the experimental layout using K4 and R10 isotope labeling.
(B) Number of distinct peptide sequences identified in each sample.
(C) Length distribution of identified peptide sequences.
(D) FH9 peptide extracted ion chromatogram at 6 and 24 h (unlabeled form, triply charged precursor, m/z([M+3H]3+) = 362.2028). Curves show relative intensities
of the specific mass signal for the FH9 peptide eluting from the column over time (RT).
(E) Relative abundance of the FH9 peptide in cone 11.
(F) Average intensity of tryptic peptides specific to p24 protein obtained in a tryptic digest of whole-cell lysate in indicated samples.

2 is predictive for binding to HLA-A*02:01, histidine (position 9) is
an infrequent C-terminal anchor. To confirm binding of FH9 peptide to HLA-A*02:01, we refolded purified HLA-A*02:01 heavy
chain and b2-microglobulin with FH9 and assessed the stability
of FH9 in HLA-A*02:01 by detection of ILT2 activity using surface
plasmon resonance (Garboczi et al., 1992). The peptide binding
affinities for FK10 and FS8 were also determined at the same
time. The binding half-lives were 3.46, 7.98, and 16.92 h for
FK10, FH9, and FS8, respectively (Figure 5A), demonstrating
that FH9 binds strongly to HLA-A*02:01. We further confirmed
FH9 binding by exogenous loading of HLA-A*02:01-expressing
transporter associated with antigen processing (TAP)-deficient
T2 cells, followed by detection of cell surface HLA-peptide complexes using a fluorophore-labeled HLA-A2 antibody. This assay
indicated a fluorescence index (FI; net median fluorescence ratio
of sample peptide to no peptide) of 3.07 for FH9, which
compared favorably with the positive control peptide HIV Gag
SL9 (SLFNTVATL; FI: 3.18) that is known to bind to HLA
A*02:01 (Figure 5B), underscoring the efficient presentation of
FH9 by HLA-A*02:01.
FH9-specific CD8+ T cells are primed in vivo in chronic
and primary HIV infection
T cell responses to FK10 have been frequently reported in individuals with CHI infection and have also been observed in acute
infection (Yu et al., 2002; Streeck et al., 2009; Trautmann et al.,
2012; Pereyra et al., 2014). We therefore tested PBMCs from
32 HLA-A*02:01-positive individuals, for recognition of the FH9
epitope, together with FK10, in interferon (IFN)-g enzyme-linked
immunoabsorbent spot (ELISpot) assays. The tested HIV-positive individuals were all virologically suppressed on ART (HIV
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RNA < 50 copies/mL, with the exception of OXF21, who had
low-level viremia at the time of sampling) and were classified according to the timing of ART initiation: ‘‘PHI’’ subjects were those
who had initiated ART at the time of or just prior to a confirmed
diagnosis of primary HIV infection (criteria described in Fidler
et al., 2020) and had been treated for at least 40 weeks at the
time of sampling (n = 21); ‘‘CHI-ART’’ subjects had initiated
ART in CHI (>6 months after acquisition) in accordance with
contemporary treatment guidelines and had been treated for a
median of 7 years (n = 11) (Tables S1, OXF9–21, and S3). The frequency of FH9 responders was 9/21 PHI (43%) and 3/11 CHIART (27%) (Figures 6A and 6B, respectively).
Because the majority of FH9 responders also recognized
FK10, we wished to determine whether the detection of FH9reactive T cells in either primary HIV infection or CHI could be explained by cross-reactivity of T cells primed by FK10, which from
our analyses and published data is generated only post-transcriptionally (https://www.hiv.lanl.gov/content/immunology/).
Because the frequency of circulating FK10-specific T cells was
generally <0.05% in these ART-treated subjects (Figures 6A
and 6B), we selected known responders to FK10 from a separate
cohort of HLA-A*02:01-positive CHI subjects, the majority of
whom were viremic at the time of sampling. This group
comprised two non-controllers (‘‘NCs’’) and five HICs (Table
S1, BCN01–07). We then used phycoerythrin (PE)-labeled
HLA-A*02:01-FH9 or -FK10 tetramers to stain ex vivo CD8+
T cells from five of these responders (BCN01–05, selected according to sample availability; Figure 6C). Tetramer staining
yielded frequencies ranging from 0.19% to 1.81% CD8+ T cells
(Figure 6D). Next, we used FH9 and FK10 tetramers labeled
with different fluorophores to detect dual-staining T cell
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Figure 5. Stability of FH9 in HLA-A*02:01
(A) The half-life (t1/2) of functionally folded FS8, FH9,
and FK10 peptides loaded in HLA-A*02:01, as assessed by binding of soluble ILT2 to intact complexes over time. Responses shown are relative to
total immobilized peptide-HLA complex, measured
by surface plasmon resonance.
(B) T2 peptide binding assay: cell surface HLA-A2
expression was detected by staining T2 cells pulsed
with HLA-A*02:01-binding peptides (FH9, FK10,
and SL9) with anti-human HLA-A2-PE antibody,
depicted by shift in median fluorescence (histogram, left; maximal response to peptide [100 mM],
right). A non-HLA-A*02-binding peptide (influenza A
nucleoprotein, LM9) was used as a negative control.
Table shows net median fluorescence values (unstained cell value subtracted) and fluorescence index (FI; ratio of MFI with test peptide to control
peptide). Data shown are representative of two experiments.

populations. We observed a mixed pattern of staining across the
five subjects, with the majority of cells showing a separate FH9 or
FK10 single-reactive population in four of the five tested individuals (Figure 6D). The detection of FH9 single-staining T cells indicates that reactivity to FH9 was not solely because of the presence of FK10-specific T cells that also recognize a shorter
version of the cognate epitope. On the contrary, it suggests
that some individuals made a specific response to an epitope
that is largely presented during the intracellular eclipse phase.
To investigate this further, we assessed the functional avidity,
also known as antigen sensitivity, of polyclonal T cells to FH9 and
FK10 in all seven FK10 responders using titrated peptide
concentrations in an ex vivo IFN-g ELISpot assay. The median
peptide concentration required to achieve half-maximal responses (EC50) was 1,382 ng/mL for FH9 and 49 ng/mL for
FK10 (Figure 6E). When taking into consideration the observation
that the FH9 pHLA has a higher stability than the FK10 complex,
these results suggested that circulating polyclonal T cells may be
dominated by T cell clones with a stronger T cell receptor affinity
for the 10-mer than the 9-mer. Alternatively, they could reflect
more efficient priming through cross-presentation of FK10,
which would be generated in productively infected cells.
FH9-specific T cells are able to eliminate HIV-infected
targets during the intracellular eclipse phase
T cell functional avidity, as measured by the response to titrated
cognate peptide, has been associated with antiviral potency (Almeida et al., 2007, 2009; Mothe et al., 2012). Under these experimental conditions, cell surface peptide-HLA (pHLA) density is
controllable by exogenous loading of peptide onto HLA molecules, whereas in vivo it is influenced by multiple steps in the
endogenous pathway, including the effects of HIV Nef on the
trafficking of HLA class I molecules (Balamurugan et al., 2013;
Ali et al., 2004; Chen et al., 2012). Therefore, functional avidity

may not be sufficient to explain antiviral
potency in all cases. We hypothesized
that, despite their relatively low functional
avidity, FH9-specific CD8+ T cells would have potent antiviral activity because the early presentation of FH9 should protect it
from Nef-mediated HLA class I downregulation. To test this,
we performed a 6-h whole virus killing assay. Purified CD4+
T cells from an HLA-A*02:01-positive HIV-naive donor were infected with HIV-GFP and cultured for 6 h with either bulk FH9
tetramer-sorted or FH9 tetramer-depleted CD8+ T cells from
the same five subjects (BCN01–05; Table S1). Given the low
number of tetramer-positive cells obtained post-sort (median,
1,800; range, 365–11,000 cells), their potency could be evaluated only at low effector/target (E:T) ratios (range, 1:20–1:50).
Elimination of infected cells by FH9-positive cells was detected
by 6 h in all five subjects (range, 10%–39% for the four subjects
in whom an E:T ratio of 1:20 was tested) and was reduced in all
cases by depletion of this population (Figure 7A). Bulk CD8+
T cells gave a marginally stronger response than sorted FH9specific T cells in only one subject (L8154, 29% versus 25%),
suggesting that intracellular eclipse phase killing was mediated
predominantly, if not exclusively, by FH9-specific T cells in all
five individuals.
We extended these results by generating FH9-specific shortterm T cell lines (STCLs) from three CHI-ART subjects (OXF12,
OXF20, and OXF21; Table S1) to enable assessment of killing
at an E:T ratio of 1:1, again using HIV-GFP-infected HLAA*02:01-positive CD4+ T cells as targets. We extended the
duration of this assay to 16 h to take advantage of the later
expression of Nef (indicated by the emergence of GFP-positive
cells; Figure 1B), and thus to determine the maximal elimination
of infected cells during the intracellular eclipse phase. These
STLCs eliminated up to 80% of Gag-positive cells by 16 h.
To verify these results, half of the cultures were maintained
for a total of 3 days, and the quantity of cell-free HIV p24 in culture supernatants was measured by ELISA. Reductions in p24
of 0.4–1.3 log10 pg/mL were observed in cultures with STLC
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Figure 6. CD8+ T cell responses to FH9 in
chronic infection are due to distinct T cell
populations targeting FH9 alone or with
cross-reactivity to FK10
(A and B) Frequency of FH9- and FK10-specific
T cells determined in ex vivo IFN-g ELISpot assays
with PBMCs from (A) individuals treated with ART
during acute infection (n = 21, PHI) or (B) chronic
infection (n = 11, CHI-ART). Mock-stimulated values
have been subtracted. Filled symbols indicate
subjects with a response to either FH9 or FK10 but
not both.
(C) Representative flow cytometry plot of ex vivo
CD8+ T cells from an HIV controller (HIC), BCN02,
showing FH9- and FK10 tetramer-staining cells,
after gating on singlet live CD3+ cells.
(D) Co-staining with PE- and allophycocyanin
(APC)-labeled tetramers demonstrates the presence of dual-reactive T cells in 4/5 known FK10
responders (2 non-controllers [NCs], 3 HICs). Single-reactive tetramer responses to FH9 were detected in all subjects (0.07%–0.2% CD8+ T cells).
(E) Functional avidity of FH9- and FK10-reactive
T cells from 5 HIC and 2 NC subjects, determined by
IFN-g release in response to serial dilutions of
peptide in ex vivo ELISpot assays. EC50 values were
obtained by non-linear (least-squares) fit.

effectors, relative to HIV-GFP-infected CD4+ T cells alone
(Figure 7B).
In summary, these data show that presentation of the HLAA*02:01-restricted FH9 epitope during the intracellular eclipse
phase was sufficient to trigger a potent antiviral response in
the majority of subjects studied.
DISCUSSION
Presentation of virion-derived peptides early in the viral intracellular life cycle has been inferred from studies in SIV and HIV
infection, in which killing of infected cells by CD8+ T cells was
observed before de novo viral protein synthesis (Sacha et al.,
2007a; Payne et al., 2010; Kløverpris et al., 2013 Buckheit
et al., 2013). In human subjects, this phenomenon has been
defined using CD8+ T cells from HICs who recognized viral epi-
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topes presented by HLA-B*57/58 or
B*27:05, all alleles that are known to be
associated with viral containment. In the
present study, we used short-term killing
assays to show that elimination of infected
CD4+ T cells during the intracellular eclipse
phase of the viral life cycle can be triggered
by early peptide presentation in the
context of diverse HLA allotypes. We
were able to identify virion-derived peptides from Gag SP2 within 6 h of infection,
one of which is a 9-mer version (FH9) of a
known HLA-A*02:01-restricted epitope
that has not been described before.
Finally, we show that the FH9 epitope is
presented at sufficient levels to elicit potent CD8+ T cell cytolytic
activity in the context of HLA-A*02:01, which is not considered to
be a beneficial HLA class I allele. Collectively, our observations
demonstrate that eclipse phase killing makes a significant contribution to the overall antiviral efficacy of CD8+ T cells in vitro. We
speculate that this mechanism could contribute to virological
control that has been reported in rare HIC individuals who lack
favorable HLA alleles; however, proof would require analysis of
a substantial number of HICs, given the multifactorial nature of
HIV control (Mothe et al., 2011; Hancock et al., 2015).
Peptide elution and LC-MS/MS enabled us to demonstrate
HIV peptide presentation in non-productively infected cells by
a direct method, providing crucial evidence that complements
the previous reports of early peptide presentation described
above (Sacha et al., 2007a; Payne et al., 2010; Kløverpris et al.,
2013; Buckheit et al., 2013). Our approach yielded three unique
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Figure 7. FH9-specific CD8+ T cells are
capable of eliminating infected cells during
the intracellular eclipse phase
(A) Elimination of Gag p24-positive (HIV-GFP infected) CD4+ T cells from an HIV-uninfected HLAA*02:01 donor by FH9 tetramer-sorted CD8+ T cells
from the 2 NCs and 3 HICs after co-culture for 6 h
post-infection. Effector/target ratios were determined by post-sort cell recovery. Antiviral activity
was also assessed using bulk CD8+ T cells and the
FH9-depleted fraction from each individual.
(B) FH9-specific short-term cell lines from 3 CHIART individuals were tested for their capacity to
eliminate autologous HIV-GFP superinfected CD4+
T cells, as measured by intracellular p24 staining
(left y axis) and quantification of p24 concentration
in culture supernatants by ELISA (right y axis).

HIV peptides across three donors, two of which were truncated
variants of a known HLA-A*02:01-restricted epitope in Gag SP2.
Furthermore, we demonstrated that the 9-mer version of this
epitope was presented almost exclusively during the intracellular
eclipse phase, providing a mechanism for triggering killing of
non-productively infected cells. The detection of unlabeled
FH9 peptide 6 h post-infection, using stable isotope labeling of
amino acids, provided an additional level of evidence that it
was derived from incoming virions. The source of the identified
peptide in Gag SP2 is of interest because SP2 is the second
most conserved region of Gag after the capsid, yet very little is
known about its biological function. It forms secondary RNA
stem-loop structures and is a component of the gag-pol frameshift signal, which is critical for the production of the Pol polyprotein. Additionally, it is present in both gag and pol open reading
frames. Mutations (e.g., P at position 7) can affect processing,
RNA dimer stability, and infectivity (Hill et al., 2007). Mutations
in Gag SP2 may affect nucleocapsid function, particularly in early
stages of reverse transcription and integration, yet SP2 appears
to play a minor role in viral infectivity (de Marco et al., 2012). CD8+
T cell targeting of viral epitopes that cannot tolerate mutation is
thought to play a significant role in spontaneous control of
viremia (Miura et al., 2009; Brockman et al., 2010; Mothe et al.,
2011; Hancock et al., 2015). Consistent with this notion, CD8+

T cell responses to the Gag SP2 epitope,
FK10 (Y9 variant), were found to be associated with delayed initiation of ART in an
observational study (Streeck et al., 2014)
and were also observed in an individual
with spontaneous HIV control of 15 years’
duration (Jessen et al., 2014). Although
the extreme phenotype of the latter case
was ascribed largely to the expression of
HLA-B*57:01, a comprehensive analysis
of >600 subjects from a South African
chronic infection cohort showed that
recognition of Gag SP2 peptides was
associated with lower viral load setpoint
(Mothe et al., 2011). Therefore, we
conclude that SP2, and in particular the
FH9 epitope, could be an important target for cytolytic T cells
because of the high viral fitness cost of mutations in this region
of gag, coupled with the relative insensitivity of FH9 to Nef-mediated HLA class I downregulation because of its early
presentation.
Several studies have reported responses to FK10 in chronic
and acute HIV infection, whereas data on the 9-mer variants
are scarce. This raises the question of whether the 10-mer is
preferentially presented post-transcriptionally, i.e., in productively infected cells. Alternatively, the studies based on 10-mer
peptides FK10 (H9 or Y9 variant) may have detected, but not
discriminated, responses targeting the 9-mer epitope. Indeed,
it appears that only one study tested for recognition of length variants. This demonstrated lower functional avidity (higher EC50)
for the 9-mer (FY9) than FK10, which is in agreement with our results (Yu et al., 2002). Given that the 9-mer forms a more stable
complex with HLA-A*02:01 than the 10-mer, these observations
suggest that the higher functional avidity of T cell clones specific
for the 10-mer may be because of a preponderance of TCRs that
recognize pHLA complexes presenting the 10-mer in the naive
repertoire (Sewell, 2012). The dominance of dual-reactive and
FK10 single-reactive over FH9 single-reactive cells within
tetramer staining CD8+ T cell populations that we observed in
this study supports this notion. However, confirmation would
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require single-cell sorting and T cell receptor sequencing, which
could not be conducted with the samples available. A further
question is why FH9 single-reactive T cells were detectable in individuals with chronic infection, given its transient expression
during the viral life cycle. We speculate that several mechanisms
might account for this, such as preferential presentation of the
FH9 peptide in lymphoid tissues, through virion transfer from
dendritic cells (DCs) to T cells or differential processing of viral
antigens in DCs, or specific characteristics of FH9 single-reactive T cell clones that confer a survival advantage (Pope and
Haase, 2003; Steers et al., 2011). These hypotheses require
formal testing.
A limitation of using mass spectrometry to interrogate the viral
peptidome is its capacity to discriminate the small number of viral
peptides from the vast number of self-peptides that makes up the
majority of HLA ligands. Previously, we showed in productively
HIV-infected CD4+ T cells, either using a permissive cell line
(C8166) or activated PBMCs from HIV-uninfected donors (108
cells per sample) cultured for several days, that HIV peptides accounted for 1.1% of HLA class I-associated peptides (75/7,000
peptides) (Ternette et al., 2016). Here, we identified three distinct
HIV peptides 6 h post-infection, among a total of up to 3,000 HLA
class I-associated peptides (0.1%). It is possible that the mass
spectrometry approach used here failed to detect other viral peptides for technical reasons. In vivo, the abundance of viral peptides on the cell surface is determined by multiple factors, such
as susceptibility of viral proteins to proteolytic cleavage, transporter-associated protein activity, and editing of HLA class Ibound peptides by aminopeptidases. These processes may, in
turn, be affected by the activation state of the cell (Monel et al.,
2019). Nevertheless, our data indicate that mining the HLA class
I peptidome for early presented peptides is feasible, despite the
short window during which Gag from incoming virions is processed, and it can yield a different set of viral epitopes from those
identified in productively infected cells. If elimination of HIV-infected cells prior to viral integration can help to interrupt the onset
of viral replication and the formation of latent reservoirs, it will be
important to determine whether these epitopes are suitable targets for vaccines and therapeutic interventions.
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Materials availability
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Study subjects
PBMC from HIV-naive HLA-A*02:01-positive donors were isolated from buffy coats supplied by the NHS Blood & Transplant Service,
Bristol, UK. PBMC were obtained from subjects from the following cohorts: Oxford (OXF) - chronic HIV infection, either ART-naive
(CHI) or under long-term ART (CHI-ART); Barcelona (BCN) - chronic infection and ART-naive; PHI - RIVER trial participants. The latter
had initiated ART within 4 weeks of confirmed primary HIV infection, which was defined using criteria described in (Fidler et al., 2020).
They were randomized at Week 24 to receive a ‘kick and kill’ intervention in addition to ART or to continue ART alone and samples for
the present study were obtained from the post-randomization Week 16 time-point. Written informed consent and ethical approval
were obtained in all cases (UK Research Ethics Committee Refs: 08/H0607/51, 19/SW/0179, 10/H0604/95, 14/SC/1372 and the
Institutional Review Board of the Hospital Germans Trias i Pujol (Ref EO-09-042).
Cell lines
T0 cells, a hybridoma of 721.174 and CEM.T0 cells, were kindly provided by Prof. Andrew Sewell, Cardiff University (Salter et al.,
1985). T2 cells (174xCEM.T2) were obtained from American Type Culture Collection (ATCC) and were cultured in RPMI media supplemented with 10% fetal calf serum (FCS), 1% (v/v) penicillin/streptomycin and 2mM L-glutamine (R10 medium). Cell surface HLAA2 expression after exogenous peptide loading was confirmed by staining with anti-HLA-A2 PE antibody (clone BB7.2, BioLegend).
METHOD DETAILS
Production of HIV-GFP
The EGFP-expressing R5-tropic HIV-1 isolate, NLAD8 EGFP IRES_Nef, was used to infect CD4+ T cells. A proviral clone was constructed from a pNL43 derivative, pDRNL43, which was modified to express a pNLAD8 envelope and EGFP (Gibbs et al., 1994; Freed
et al., 1995). An ECMV IRES sequence was introduced to enable expression of full-length Nef. Viral stocks were prepared by transfection of 293T cells with polyethylenimine. After 36 hours, virus-containing supernatant was harvested, filtered, and frozen at 80 C.
HIV infection of primary CD4+ T cells
Purified CD4+ T cells were stimulated with PHA (5 mg/ml) in R10 medium for 72 hours, then washed and spinoculated with HIV-GFP at
2000 rpm, 27 C for 2 hours at an MOI of 0.01. In selected experiments, zidovudine (5 mM) or raltegravir (1 mM), both from NIH AIDS
Reagent program were added immediately after infection.
Detection of Gag proteins by SDS-PAGE and western blotting
HIV-GFP-infected CD4+ T cells were washed with PBS, lysed, and centrifuged at 13000 rpm at 40 C. The supernatant was harvested
and cytosolic proteins were reduced with 50 mM dithiothreitol (DTT, Merck) at 95 C for 15 minutes. Samples were analyzed on a
NuPAGE Tris-acetate 4%–12% gel (Invitrogen, Thermo Fisher Scientific). b-tubulin (1 mg, Sigma) was included as a loading control
and molecular weight was determined using Odyssey Prestained Molecular Weight Marker (10 to 250 kDa, LI-COR). Proteins were
blotted onto a nitrocellulose membrane (Merck Millipore) using Trans-Blot SD. Semi-Dry Transfer Cell (Bio-Rad Laboratories) at
200 mA for 80 minutes. Membranes were blocked (Odyssey Blocking buffer, LI-COR) for 1 hour, then stained with a 1/1000 dilution
of mouse anti-human p24 monoclonal antibody (Abcam) in Odyssey Blocking buffer for 60 minutes at room temperature (RT). Membranes were washed in PBS containing 0.1% Tween-20, then stained with a 1/10,000 dilution of donkey anti-mouse IgG AlexaFluor
680 secondary antibody (LI-COR) for 30 minutes at RT and protected from light. After further wash steps, immunoblots were scanned
using the Odyssey Infrared Imaging System and the intensity of the bands was calculated. To visualize b-tubulin, blots were first
stained with a 1/1000 dilution of rabbit anti-human b-tubulin (Abcam) followed by a 1/10,000 dilution of donkey anti-rabbit IgG IRDye
800CW (LI-COR).
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Infected cell elimination assay
Quantification of infected cell elimination was performed as previously described (Yang et al., 2012, 2013). Assays were performed on
cryopreserved cells that had been thawed and rested for at least 2 hours prior to use. CD4+ and CD8+ T cell subsets were isolated by
magnetic bead selection or depletion following the manufacturer’s instructions (MACS, Miltenyi). In selected experiments, FH9-specific short-term CD8+ T cell lines were generated by stimulating PBMC from CHI donors with FH9 peptide (4 mg/ml) followed by culture in IL-7 (25ng/ml), IL-2 (1.8 3 103 units/ml) and 10% human serum for 10 days. HIV-GFP-infected CD4+ T cells (5 3 104) were
cultured in triplicate in R10 with interleukin 2 (20 IU/mL) in 96-well round-bottomed plates, alone or together with autologous unstimulated ex vivo CD8+ T cells, obtained by positive bead selection of PBMCs from a second freshly thawed vial. CD8+ and CD4+
T cells were co-cultured for durations ranging from 2-96 hours at a CD8+/CD4+ ratio of 1:1. On the day of harvest, cells were stained
first with Aqua Live/Dead Fixable stain (Invitrogen), fixed with 1% paraformaldehyde/20 mg/mL lysolecithin at RT, permeabilized with
cold 50% methanol followed by 0.1% Nonidet P-40, and finally stained with p24 antibody (KC-57-FITC; Beckman Coulter) and antibodies to CD3, CD4, and CD8 (conjugated to APC-Cy7, PerCP, and APC, respectively; BD Biosciences). Samples were acquired on
a CyAn ADP Analyzer flow cytometer (Beckman Coulter). Data were analyzed using FlowJo software v9. Infected cell elimination was
expressed as a percentage and determined as follows: [(fraction of p24 + cells in CD4 + T cells cultured alone)–(fraction of p24 + in
CD4+ T cells cultured with CD8+ cells)]/(fraction of p24 + cells in CD4 + T cells cultured alone) 3 100. In selected experiments, HIV
p24 Ag was quantified in culture supernatants by ELISA, as described previously (Yang et al., 2013).
Isolation of HLA class I associated peptides
Peptide-MHC class I complexes were captured from cleared cell lysates by protein A resin coupled to W6/32 antibody (ATCC HB-95)
as described previously (Ternette et al., 2015). Complexes were washed with 50mM Tris buffer pH 8.0 with 150 nM NaCl, then
450 mM NaCl, and finally without salt. Complexes were eluted with 10% acetic acid. Dried MHC components were resuspended
in loading buffer (1% acetonitrile, 1% triflouroacetic acid in water), loaded onto a 4.6 3 50mm ProSwift RP-1S column (ThermoFisher
Scientific), and eluted using a 500ml/min flow rate over 10 minutes from 2%–35% Buffer B (0.1% formic acid in acetonitrile) in Buffer A
(0.1% formic acid in water) using an Ultimate 3000 HPLC system (ThermoFischer Scientific).
Generation of trypsin-digested cell lysates for p24 protein quantification by LC-MS/MS
Cell lysates were generated by incubation in lysis buffer (0.5% IGEPAL, 150 mM sodium chloride, 50 mM Tris, pH 8.0) for 30 min on
ice. Lysates were cleared by centrifugation first at 500 g for 5 min to remove nuclei and then at 30,000 for 30 min to remove insoluble
material. Lysates were incubated with a final concentration of 10 mM dithiothreitol for 15 min in order to reduce cysteine disulphide
bonds followed by incubation with a final concentration of 40 mM iodoacetamine for cysteine alkylation. An equivalent of 10 - 20 mg
total protein material as determined by BCA protein assay (Thermo Scientific) and proteins were separated at constant voltage (200V)
for 1 hour. Gels were stained using InstantBlue (Expedeon) and gel bands corresponding to the mass of p24 were excised and cut into
1 mm2 pieces. After destaining in 50% methanol, 5% acetic acid in water, gel pieces were dehydrated using repeated treatment with
acetonitrile. A final amount of 200 ng trypsin was added in 50 mM ammonium bicarbonate and digestion was carried out overnight at
37 C. Tryptic peptides were eluted from the gel using elution buffer (50% acetonitrile, 0.1% triflouroacetic acid in water), dried and
resuspended in loading buffer for LC-MS/MS analysis.
LC-MS/MS analysis
Samples were analyzed on either a TripleTOF 5600 system (Sciex, HLA-peptide samples) or a Q Exactive (Thermo Scientific,
trypsin digested peptide material). TripleTOF 5600: Peptides were separated on an Ekspert nanoLC400 cHiPLC system (Eksigent),
supplemented with a 15 cm x 75 mm ChromXP C18-CL, 3 mm particle size by application of a linear gradient from 8% to 35%
buffer B in buffer A at a flow rate of 300 nl/min for 60 min. Peptides were introduced by an electrospray source. Collision-induced
dissociation was induced on the 30 most abundant ions per full MS scan using ramped collision energy and a unit quadrupole
isolation width of 0.7 amu. All fragmented precursor ions were actively excluded from repeated selection for 15 s. Q Exactive:
Peptides were separated on an Ultimate 3000 RSLCnano System utilizing a PepMap C18 column, 2 mm particle size, 75 mm x
50 cm Thermo Scientific). Peptides were introduced into the mass spectrometer using an EASY-SprayTM nano source at a flowrate
of 250 nl/min. Collision-induced dissociation was induced on the 15 most abundant ions per full MS scan (70,000 resolution) using
a collision energy level of 28%, and a quadrupole isolation width of 1.6 amu. Precursor ions were allowed to accumulate for
128 ms, and fragment spectra were acquired at a resolution of 17,500. All fragmented precursor ions were actively excluded
from repeated selection for 27 s.
Mass spectrometry data analysis
Raw data were analyzed using Peaks 7.0 software (Bioinformatics Solutions) using a precursor mass tolerance of 30 ppm, and a
fragment mass tolerance of 0.05 Da. Sequence interpretation of MS2 spectra were performed using a database containing all annotated human SwissProt entries and all annotated protein coding regions from pDRNL43 and pDRNLAD8 (total of 21714 entries).
The false discovery rate was determined by decoy database searches and was below 2% for all samples. Quantitative analyses
were performed using Progenesis LC-MS QI v3.0 (Waters), and direct interrogation of the instrument data files using Analyst v1.6
(Sciex).
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Stable isotope labeling by amino acids in cell culture (SILAC)
T0 cells were either cultured in RPMI-1640 medium supplemented with 10% FCS (RPMI-10) or RPMI medium lacking arginine and
lysine supplemented with 10% FCS, heavy arginine (R10) (Cambridge Isotope laboratories, product number CNLM-539-H-PK; 13C6
99%; 15N4, 99%) and heavy lysine (K4) (Cambridge Isotope laboratories, product number DLM-2640-PK; 4,4,5,5-D4, 96%–98%).
Cells were infected with HIV-GFP at an MOI of 0.01. At given time points post infections, cells were pelleted at 300 g for 5 min, washed
once with PBS and frozen at 20 C until processing.
BIAcore analysis
HLA-A*02:01 and b2-microglobulin were produced as E. coli inclusion bodies and refolded in the presence of the peptide of interest
to produce soluble peptide-HLA complexes, and similarly, ILT2 was refolded and purified from E. coli inclusion bodies, as previously
described (Garboczi et al., 1992). Purified HLA-peptide complexes were subjected to SPR analysis using either a BIAcoreTM T200
system. Briefly, biotinylated cognate pHLAs were immobilized onto a streptavidin-coupled CM5 sensor chip. The first flow cell
was loaded with free biotin alone to act as a control surface. All measurements were performed at 25 C in Dulbecco’s PBS buffer
(Sigma-Aldrich, UK) containing P20 Surfactant (0.005%) at a flow rate of 10 ml/min. pHLA stability was measured by the binding
of soluble Ig-like transcript 2 receptor (ILT2) (1 mM) at time zero and at one hour intervals over the following 5 hours. t1/2 values
were calculated assuming Langmuir binding and data were analyzed using a 1:1 binding model (GraphPad Prism v8.3.0).
T2 peptide binding assay
T2 cells were resuspended in R0 and pulsed with control or test peptides (100 mM final concentration) for 3 hours at 37 C, then stained
with anti-human HLA-A2-PE antibody (clone BB7.2, BioLegend) and analyzed by flow cytometry. Net median fluorescence intensity
(MFI) was determined from the MFI detected in HLA-A2-stained cells after subtraction of MFI value for unstained cells. The fluorescence index for each peptide was calculated from the ratio of net MFI for the control or test peptide to net MFI for unpulsed cells. The
HIV Gag p17 peptide, SLFNTVATL, was used as a positive control. An HLA-B7-restricted peptide from influenza A nucleoprotein
(LPFDKTTVM) was used as a negative control.
IFN-g Elispot assay
IFN-g-detecting enzyme-linked immunoabsorbent spot (ELISpot) assays were performed as described previously, using the IFN-g
Mabtech kit in accordance with manufacturer’s instructions. In brief, PBMC (1-2 3 105/well) were stimulated overnight with Gag p1
peptides (2 mg/ml final concentration; Genscript) in triplicate. Medium plus 0.45% DMSO only was used as the negative control in
quadruplicate wells, and PHA (1 mg/mL) and a CEF peptide pool (2 mg/mL) consisting of 23 previously defined human CD8+ T cell
epitopes from cytomegalovirus, Epstein–Barr virus and influenza virus were added as positive controls. To evaluate the functional
avidity of T cells specific for the FH9 and FK10 peptides, the IFN-g ELISpot assay was performed using 1 3 105 cells / well and serial
dilutions (102 to 10 5 mg/ml) of each peptide were tested in duplicate. Spots were counted using an automated ELISpot plate reader
(AID Systems, Germany) using ImmunoSpot software. Results were considered positive if they exceeded the mean of negative wells
plus 3 standard deviations. Functional avidity was defined as the peptide concentration required to achieve 50% of the maximal
response (EC50) expressed in ng/ml and calculated using Graphpad Prism software version 8.
HLA class I tetramer staining
Biotinylated HLA-A*02:01 monomers refolded with FH9 and FK10 were obtained from the NIH Tetramer Core facility. Monomers were
multimerized with streptavidin-PE or streptavidin-APC using previously described methods (Altman et al., 1996). Thawed PBMC
were stained with tetramers at 37 C for 20 mins, followed by cell surface staining with CD3, CD8 and Aqua Live/Dead at room temperature for 15 mins. Samples were fixed in 2% paraformaldehyde and acquired on a CyAn flow cytometer. A minimum of 1000
events was acquired. In selected experiments, tetramer-positive cells were sorted using a MoFlo XDP cell sorter (Beckman Coulter).
QUANTIFICATION AND STATISTICAL ANALYSIS
Group medians were analyzed using Friedman’s test. Curve-fitting was performed using the linear-quadratic model (Chadwick,
1973). Inter-subject variation was explored using linear regression analysis. All statistical analyses were performed using Graphpad
Prism software, version 8.
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