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ARTICLE INFO ABSTRACT

Keywords: The HLA-B*35 alleles have been associated with a slow or rapid progression of HIV-1 infection.
CD8-Positive T-lymphocytes However, the mechanisms related to HIV-1 progression have yet to be entirely understood.
HIV

Several reports indicate that the binding affinity between the HLA-I molecule and peptides could
be associated with an increased CD8" T-cell response. Novel HLA-B*35-restricted mutated vari-
ants have been described from HSNQVSQNY (HY9) and HPVHAGPIA (HA9) epitopes. Bio-
informatic analysis has indicated that these mutated epitopes show low and high binding affinity
towards HLA-B*35, respectively. However, the polyfunctionality of CD8" T-cells stimulated with
these mutated and wild-type epitopes has yet to be reported. The results suggest that the low-
binding affinity H124 N/S125 N/N126S mutated peptide in the HY9 epitope induced a lower
percentage of CD107a"CD8" T-cells than the wild-type epitope. Instead, the high-binding affinity
peptides 1223V and 1223A in the HA9 epitope induced a significantly higher frequency of poly-
functional CD8" T-cells. Also, a higher proportion of CD8" T-cells with two functions, with
Granzyme B Perforin® being the predominant profile, was observed after stimulation with
mutated peptides associated with high binding affinity in the HA9 epitope. These results suggest
that the high-affinity mutated peptides induced a more polyfunctional CD8" T-cell response,
which could be related to the control of viral replication.

T-cell epitopes
HLA-B35 antigen

1. Introduction

During the last 40 years since HIV/AIDS was discovered, different prophylactic and therapeutic vaccine strategies have been
evaluated; however, they have been unsuccessful [1,2]. Currently, the standard treatment for HIV" individuals is cART (combined
antiretroviral therapy), which can control viremia and transmission. Still, it cannot cure HIV-1 infection, and its poor adherence can
result in viral rebound [3]. Therefore, pursuing a therapeutic vaccine capable of sustaining viral suppression without the need for
cART, also known as a “functional cure,” is a priority [4]. In addition, CD8" T-cells are crucial in controlling HIV by killing infected
cells and thus clearing infection [5,6]. T-cell receptors (TCRs) on CD8™ T-cells recognize viral antigens processed by the infected host
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cells, which are presented as short peptides, mainly with lengths of 8-10 amino acids, by Human Leukocytes Antigen class I molecules
(HLA-I) [7]. Hence, vaccines promoting CD8" T-cell activation are considered a primary aim, especially targeting highly conserved
HIV proteins such as Gag, since Gag-specific CD8" T-cells have been inversely correlated with viral loads and positively related to
CD4" T-cell counts [8-11].

The HLA-I is the most polymorphic allelic system in humans, and HLA-I molecules display a diverse peptide array to the CD8™ T-
cells for the immune recognition [12], which influences peptide binding specificity, TCR interactions with the peptide-HLA-I complex,
and the nature of the antiviral CD8" T-cell mediated response. Thus, peptide-based vaccine strategies must consider the HLA-I di-
versity, targeting conserved epitopes presented by the most frequent HLA-I molecules. Among the HLA-I alleles, the HLA-B locus has
the highest allelic diversity, which increases the repertoire of peptides that CD8" T-cells can present [12]. In Colombia, the most
frequent HLA-B allele is HLA-B*35 [13], an allele associated with rapid, but also with delayed progression of AIDS depending on the
HLA-B*35 specific proteins and the circulating HIV-1 strains [14-18]. Interestingly, HLA-B*35 alleles are thought to display a greater
diversity of self-peptides, leading to a lower probability of recognizing mutated viral epitopes compared to a CD8" T-cell restricted by
other HLA-I molecules [19]. For example, the Gag p24 NY10 epitope presented by HLA-B*35 is associated with the lack of immu-
nogenicity of CD8" T-cells. However, the mutated epitope with a change of aspartic acid (-D) for glutamic acid (E) in the eighth
position (P8) critically increases the binding affinity of the peptide-HLA-I interaction. Also, it leads to a robust CD8" T-cell response,
indicating that a single change in a peptide residue is essential in achieving immune control of HIV infection [16]. Consequently, in
silico prediction of the peptide-HLA-I binding affinity can expedite the screening of immunogenic peptides and facilitate the devel-
opment of peptide-based vaccines.

Previously, we identified mutations mapped into HLA-I-specific Gag p17 HY9 and Gag p24 HA9 epitopes associated with decreased
or increased binding affinity towards the HLA-B*35 molecule of HIV-1 variants from Medellin, Colombia [20]. Our analysis showed
that two HLA-B*35-restricted Gag p17 HY9 epitope mutations were associated with low binding to the HLA-B*35 molecule. Instead,
three Gag p24 HA9 epitope mutations showed high HLA-binding affinity to HLA-B*35. Nevertheless, experimental assessment of the
peptide immunogenicity is required to validate the peptide and HLA-I binding affinity prediction since it has been demonstrated that
the binding affinity of the epitope to HLA-I is not the only determinant of immunogenicity [21]. Therefore, we aimed to evaluate the
polyfunctionality of CD8" T-cells exposed to HLA-B*35-restricted mutations from HIV-1 variants prevalent in our region.

2. Materials and methods
2.1. Study participants

HIV-1" individuals possessing at least one allele belonging to the HLA-B*35 subtype were identified. Inclusion and exclusion
criteria for this study were established as previously reported [22]. The Bioethics Committee of the Faculty of Medicine, Universidad
de Antioquia, reviewed and approved this study. Before participation, all participants provided written informed consent.

3. T-cell counts

T-cell counts were determined by flow cytometry. Briefly, 100 pL of whole anticoagulated peripheral blood was incubated with
anti-CD3, anti-CD4, and anti-CD8 monoclonal antibodies (BD Pharmigen) for 30 min. Then, red blood cell lysis was performed using 2
mL of BD FACS Lysing Solution 1X (BD Bioscience). Finally, 100.000 events in the lymphocyte region were counted using BD LSR
Fortessa flow cytometer and FACSDiva software v8.0.1 (BD Biosciences). The results were expressed as the percentage and absolute
CD4" and CD8" T-cell counts.

3.1. HLA-I typing and peptides synthesis

As previously reported, HLA-I typing was performed by sequence-specific oligonucleotide (SSO) technology [22]. Peptides were
provided by Ntcleo de Biotecnologia Curauma, Pontificia Universidad Catélica de Valparaiso, Chile. Peptide synthesis was performed
as previously described [22].

3.2. CD8" T-cells stimulation

The functional profile of CD8™ T-cells was analyzed on cryopreserved peripheral blood mononuclear cells (PBMCs). Purified PBMCs
were cultured with a density of 4 x 10° cells/mL in complete RPMI-1640 media (10 % heat-inactivated fetal bovine serum (FBS)) in 96-
well V bottom plates (Costar, Corning). All cells were cultured with 2 pM monensin, 10 pg/mL brefeldin A (both from Thermo Fisher
Scientific), 1 pg/mL anti-CD28 (clone CD28.2), 1 pg/mL anti-CD49d (clone 9F10) (both from eBioscience) and 5 pL anti-CD107a-APC
(clone H4A3, BD Pharmigen) for 12 h at 37 °C in 5 % CO;. The cells were incubated with 10 pg/mL of each peptide. Cells incubated
only with anti-CD28 and anti-CD49d served as a negative control. PBMCs were treated with 10 pg/mL Staphylococcus Enterotoxin B
(SEB) or 50 ng/mL phorbol 12-myristate 13-acetate (PMA) plus 500 ng/ml ionomycin (Sigma-Aldrich) as positive controls.

3.3. Intracellular cytokine staining

After PBMCs incubation, cells were stained with surface antibodies: CD3 (clone UCHT1) and CDS8 (clone RPA-T8) and incubated
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with the Fixable Viability Dye eFluor 506 (all from eBioscience). Then, cells were fixed/permeabilized using the Foxp3 staining buffer
kit (eBioscience), and stained with the following intracellular antibodies: Granzyme B (clone GB11), IL-2 (clone 5344.111), all from BD
Bioscience, Perforin (clone B-D48) and IFN-y (clone 4S.B3) from Biolegend, and IL-10 (clone JES3-9D3 and TNFa (clone Mab 11) from
eBioscience. A minimum of 100,000 CD3" events were acquired using the BD LSR Fortessa flow cytometer and FACSDiva software v
8.0.1 (BD Biosciences).

3.4. Flow cytometry analysis

Flow cytometry data were analyzed using FlowJo version X (TreeStar). Background signal was removed, subtracting the negative
control values. Gate defining the positive production of cytokines and cytotoxic molecules were combined by the boolean gating
strategy as indicated in the FlowJo software. The polyfunctional profile was defined as the capacity of CD8" T-cells to produce multiple
markers simultaneously [23,24]. The percentage of cells exhibiting from one to six functions was analyzed as previously described
using the SPICE v5.35 software [22,25].

3.5. Statistical analysis

Statistical analysis was conducted using GraphPad Prism v7.0. Shapiro-Wilk test was used to evaluate normality. Additionally, all
numerical data were presented as a median and interquartile range. Mann-Whitney test or Wilcoxon signed-rank tests were used to
compare groups. P-value <0.05 was considered significant.

4. Results
4.1. Clinical characteristics of HLA-B*35% HIV-1" participants

Eleven HIV-1" participants were identified as expressing the HLA-B*35 allele (Table 2). Notably, 82 % of the participants were
men, and the median age was 31 years. The median CD4" T-cell count and CD4"/CD8" T-cell ratio were 762 cells/pL and 0.82,
respectively. Six out of eleven participants were under combined antiretroviral therapy (cART), with a median of 54 months under
treatment and viral loads under the limits of detection. Five out of eleven participants were not receiving treatment (cART-naive).
These participants had a median of viral loads of 25,500 copies/mL and a median diagnosis time of 27 months.

4.2. CD8" T-cell functional capacity is maintained in the study population

First, we aimed to determine the functional competence of the CD8" T-cells obtained from HLA-B*35" HIV-1" participants. Thus,
we used antigen-independent stimulation (SEB and PMA/Ionomycin) to assess the CD8" T-cell production of cytokines (IFN-y, TNF-q,
IL-2, and IL-10) and cytotoxic molecules (CD107a, granzyme B and perforin). Both SEB and PMA/ionomycin induced all measured
cytokines and cytotoxic molecules production and CD107a expression in CD8" T-cells from most participants (Fig. 1).

Alterations in the functional capacity of CD8" T-cells have been found in cART-naive participants with chronic infection [26].
However, previous studies had reported a partial re-establishment of CD8" T-cells polyfunctionality in cART-receiving participants
[27]. Therefore, we analyzed the differences in CD8" T-cell functional capacity in both populations. The percentage of CD107a*
Granzyme B™ CD8" T-cells after PMA/Ionomycin stimulation was higher in naive-cART participants in contrast to participants on
cART (Supplementary Fig. 1). However, no differences were observed in the expression of the other functional markers evaluated (data
not shown).

Additionally, we assessed the CD8"' T-cell polyfunctionality in HLA-B*35" HIV-1" participants. PMA/Ionomycin promoted an
increased polyfunctional profile compared to SEB (Fig. 2). SEB stimulation was characterized by a monofunctional response dominated
by TNF-a (purple arc), whereas PMA/Ionomycin induced an IFN-y-mediated monofunctional response (pink arc). TNF-a and IFN-y
predominated in the bifunctional response to both polyclonal stimuli (Fig. 2A). Stimulation with PMA/Ionomycin significantly
increased the percentage of CD8" T-cells with two, three, four, and five functions compared to SEB (Fig. 2G-F). Thus, these results
indicate that CD8" T-cells in HLA-B*35" HIV-1" participants produce cytokines and cytotoxic molecules after polyclonal activation.

Lower percentage of CD107a"CD8" T-cells is found after stimulation by the HLA-B*35 low-binding affinity peptide HY9 H124 N/
S125 N/N126S.

Table 1
List of wild-type (WT) and mutated peptides located in HY9 and HA9 Gag epitopes.
HIV-1 Position in WT WT epitope Mutated Abbreviation Mutated Peptide affinity relative to
Protein Gag epitope sequence sequence sequence WT
Gag-pl7 124-132 HY9 HSNQVSQNY NNSQVSQNY H124 N/S125 N/N126S Decrease
NNSKVSQNY H124 N/S125 N/N126S/
Q127K
Gag-p24 216-224 HA9 HPVHAGPIA HPVHAGPVA 1223V Increase
HPVHAGPAA 1223A

HPAQAGPVA V218A/H219Q/1223V
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Fig. 1. CD8" T-cells after antigen-independent stimulation. Percentage of CD8" T-cells producing IFN-y (A), TNF-a (B), IL-2 (C), IL-10 (D),
expressing CD107a (E), and co-expressing of CD107a with granzyme B (F) or perforin (G). CD8™" T-cells in the negative control (NC) were incubated
with the costimulatory molecules anti-CD28 and anti-CD49d. CD8" T-cells were treated with the polyclonal stimuli (SEB and PMA/Ionomycin) for
12 h. Comparison was performed with Wilcoxon signed-rank test. Plots depict median and IQR, n = 8.

The percentage of CD8" T-cells producing the different cytokines and cytotoxic molecules was evaluated to characterize the
functional capacity after antigen-dependent stimulation. CD8" T-cells were stimulated with the wild-type (HY9 WT) and two mutated
peptides of HIV-1 Gag p17 protein (H124 N/S125 N/N126S and H124 N/S125 N/N126S/Q127K) located in the HY9 epitope (Table 1).
HY9 WT and the two mutated peptides that had been associated with a lower HLA-B*35-binding affinity induced the production of the
measured cytokines and cytotoxic molecules by CD8" T-cells in most participants (Fig. 3). Notably, the percentage of CD107a"CD8™" T-
cells was significantly lower after stimulation with H124 N/S125 N/N126S compared to HY9 WT (Fig. 3E). No differences were
observed between HY9 WT and the mutated peptides in the other parameters evaluated (Fig. 3). In addition, no differences were
observed in the functional capacity of CD8" T-cells obtained from naive-cART participants compared to participants on cART.

Also, we evaluated the CD8" T-cell polyfunctionality after stimulation by HY9 WT and the mutated peptides. All peptides in the
HYO9 epitope promoted a monofunctional response characterized by the production of TNF-u (purple arc) (Fig. 4A). Furthermore, HY9
WT bifunctional response was represented by the production of TNF-a and IL-2. Instead, both mutated peptides H124 N/S125 N/
N126S and H124 N/S125 N/N126S/Q127K induced a bifunctional response characterized by granzyme B and perforin release.
Overall, a similar distribution of the polyfunctional profile was observed with each peptide (Fig. 4).

Higher CD8" T-cells polyfunctionality is observed after stimulation by the HLA-B*35 high-binding affinity peptides HA9 1223V and
HA9 1223A.

The functional capacity of CD8" T-cells stimulated with the wild-type (HA9 WT) and three HLA-B*35 high-binding affinity mutated
peptides of HIV-1 Gag p24 protein (1223V, 1223A, and V218A/H219Q/1223V) was evaluated (Table 1). No differences were observed
between HA9 WT and the mutated peptides in the parameters evaluated (Fig. 5).

Additionally, the polyfunctionality of CD8" T-cells was assessed after stimulation by HA9 WT and the mutated peptides. TNF-q,
granzyme B, or perforin production characterized each monofunctional response. The bifunctional response was dominated by
granzyme B and perforin. The three mutations, 1223V, 1223A, and V218A/H219Q/1223V, had a higher bifunctional proportion of cells
in contrast to HA9 WT (Fig. 6A). Interestingly, the responses of four and six functions were significantly higher for 1223A in contrast to
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Fig. 2. CD8" T-cells polyfunctionality after antigen-independent stimulation. (A) Pie charts depict the proportion of cells with one to six functions
defined according to the production of cytokines and cytotoxic molecules. Outer arc legends represent the molecules produced by each proportion of
cells under the arc. Percentage of cells with one (B), two (C), three (D), four (E), five (F), and six (G) functions. Comparison was performed with
Wilcoxon signed-rank test. Median and IQR are shown; n = 8.
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Table 2
Clinical characteristics of the study cohort.
Parameter Value
Age, years, median (IQR) 31 (25-51)

Gender, Male/Female, number

CD4" T-cell counts, cells/mL, median (IQR)

CD8™ T-cell counts, cells/mL, median (IQR)

CD4"/CD8" T-cell ratio, median (IQR)

Receiving cART, number

Time on cART, months, median (IQR)

Time between diagnosis and cART initiation, months, median (IQR)
Viral load at the time of cART initiation, copies/mL, median (IQR)
Time since diagnosis cART-naive individuals

Viral load cART-naive, copies/mL, median (IQR)

9 (82 %)/2 (18 %)
762 (400-1120)

898 (426-1228)

0.82 (0.46-1.62)

6 (55 %)

54 (44-55)

15 (0-26)

685 (144-44,592)

27 (7-31)

25,500 (4535-80,521)

IQR, interquartile range; cART, combination antiretroviral therapy.
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Fig. 3. Cytokine and cytotoxic molecules production in CD8™" T-cell stimulated with HY9 WT, H124 N/S125 N/N126S and H124 N/S125 N/N126S/
Q127K peptides. Percentage of CD8™" T-cells producing IFN-y (A), TNF-a (B), IL-2 (C), IL-10 (D), expressing CD107a (E), and co-expressing CD107a
with granzyme B (F) or perforin (G). Comparison was performed with Wilcoxon signed-rank test. Graphs show median and IQR, n = 11.

HA9 WT (Fig. 6E and G). Also, the response of five functions was significantly higher for 1223V than HA9 WT (Fig. 6F). No differences
were found regarding the percentage of CD8" T-cells with one, two, or three functions (Fig. 6B, C, and 6D).

5. Discussion

HLA-I molecules are responsible for the binding and presentation of peptides known as epitopes to CD8" T-cells. Interestingly, HLA-
I genes are the most polymorphic in the human genome; thus, they exhibit a variable ability to bind and establish the interaction and
affinity of the HLA-I-peptide-TCR complex. The association of HLA-I alleles with the progression of HIV-1 infection is thought to be due
to the peptides presented in the HLA-I molecule and the immune response that the antigenic recognition triggers. Multiple studies have



A. Sanchez-Martinez et al.

1 function

% of CD8* T-cells with
1 function
i

4 functions

2.0
1.8
16— o
0.6 -

4 functions
o
'S
L 1

% of CD8* T-cells with

Low affinity
2 functions
2_.
5 . ®
-; O
29 17
$.§ 0.5 & B o
1; rst 0.4 ® o
8 ; 0.3 6]
5 0.2-
X 0.1
0.0-
5l
@{9“:‘:\“\16%0\'{‘
1"‘“%\?;‘3“\“\1
o \5'\
N
5 functions

% of CD8* T-cells with
5 functions

% of CD8* T-cells with

% of CD8* T-cells with

H124N/S125N/N126S H124N/S125N/N126S/Q127K
Low affinity

3 functions

6 functions

Heliyon 10 (2024) e33143

Outer arc legend

IFN~y

TNF-a

IL-2

IL-10
Granzyme B
Perforin

NEERND

Pie segment legend

A E =]

3 functions

o
o
1

e
'S
1
o

6 functions
0.20
0.181 °
0.16

0.02

e
=)
-

e
o
=

(caption on next page)



A. Sanchez-Martinez et al. Heliyon 10 (2024) e33143

Fig. 4. CD8" T-cells polyfunctionality stimulated with HY9 WT, H124 N/S125 N/N126S and H124 N/S125 N/N126S/Q127K. (A) Pie charts depict
the proportion of cells with one to six functions defined according to the production of cytokines and cytotoxic molecules. Outer arc legends
represent the molecules produced by each proportion of cells under the arc. Percentage of cells with one (B), two (C), three (D), four (E), five (F),
End six (G) functions. Comparison was performed with Wilcoxon signed-rank test. Plots depict the median and IQR, n = 11.

A D
1.4- 1.0+
. . ]
1.2+
2 2 0.8 °
2 1.0 3 T
E | r e 0.6
to 0.8 % 50
a 4 o a J
3] © o 3]
= 0.6 *? 0.4
3 ] ® R 2 ° °
L 0.4+ (¢} £ - 1 g
R 1 o - 2 0.2+
0.2 - ° ° o
0.0- 0.0-
S (S
Y\qu“ \"L'i:' \'l-'th '1”'5 P-g\"‘ \'13' \'Lfl"b 'L'l'ﬁ
AD Al
L A
s‘*‘\ %Pg‘\
N W
E . F p G .
(o] 3 [e) ©
- +
= o ) - 2 o e 204 ©
3 6 ° g L
Ll R 206 e
© c o o 1.5-
q s § [
o ar g o
g g 8 0.4 S 8 1.0
- o0 oo
a a o
o o 02 2 0.54
S 2
0.0 0.0-

N TS| N U AL P\ S
\,‘p"ﬁw \,]:L“b \,ﬂ_’b Qd\’i’:b \,\P‘Qq“ \,Lq,’b \1,'1-1' gd\.ﬂ'b \ng ¥ ¥ o 0\\1'1»
at a e
4@’\‘"’\“ w‘*"’“ 4"-‘“‘4

Fig. 5. Cytokine and cytotoxic molecules production in CD8" T-cell stimulated with HA9 WT, 1223V, 1223A, and V218A/H219Q/1223V peptides.
Percentage of CD8" T-cells producing IFN-y (A), TNF-a (B), IL-2 (C), IL-10 (D), expressing CD107a (E), and co-expressing CD107a with granzyme B
(F) or perforin (G). Comparison was performed with Wilcoxon signed-rank test. Graphs show median and IQR, n = 9.

demonstrated the critical role of CD8" T-cells in controlling HIV-1 replication [28-30], attributing the control of viremia and slower
progression of HIV-1 infection to CD8" T-cell responses targeting peptides derived from HIV-1 Gag. Previously, we determined the
CD8" T-cell response to Gag peptides restricted to the HLA-A*02 allele and could associate the peptide binding affinity with CD8"
T-cells polyfunctionality [22]. Importantly, HLA-I allotype restriction is a limitation for developing effective peptide-based vaccines;
therefore, identifying immunodominant Gag peptides restricted to the most prevalent HLA-I molecules makes peptide-based vaccines
accessible to larger patient cohorts [31,32]. Thus, this study evaluated the response of CD8" T-cells stimulated with the wild-type and
mutated peptides from HA9 and HY9 Gag-epitopes restricted to the HLA-B*35 allele. Interestingly, the CD8" T-cell polyfunctional
response was also associated with the binding affinity to the HLA-B*35 allele.

The most polymorphic HLA-I molecule is HLA-B, with HLA-B*35:01 as the most prevalent allele in many populations [33]. For
example, the reported HLA-B*35 frequency in Colombia is 22.7 %, with HLA-B*35:01 as the most common allele [34,35]. Interest-
ingly, HLA-B*35 alleles are classified into B*35-Py and -Px alleles. HLA-B*35-Py molecules (B*35:01/08) preferably bind peptides
with a proline (P) at anchor residue in position 2 (P2) and a tyrosine (Y) at position 9 (P9). HLA-B*35-Px molecules (B*35:02/03/04),
which are associated with a more rapid disease progression, also bind peptides with a proline at P2 but differ in their F-pocket anchor
residue P9, with a more promiscuous peptide binding in this site [36]. CD8™ T-cell failure in HLA-B*35-Px " individuals to control viral
replication has also been addressed to selective upregulation of CTLA-4 rather than the peptide specificity [37]. However, in a Peruvian
cohort of HIV-1* individuals, HLA-B*35-Px and HLA-B*35-Py differentiation did not correlate with the HIV-1 progression [38]. Our
study included 11 HIV-1 chronically infected participants, of which only 25 % expressed HLA-B*35-Px alleles. The mutated
peptide-specific CD8" T-cells expressed a heterogeneous profile without significant differences between individuals with
HLA-B*35-Px, HLA-B*35-Py, or unclassified alleles.

We evaluated the response of CD8" T-cells to polyclonal stimuli and Gag-specific peptides to determine the functional response of
cells obtained from chronically HIV-17 participants with and without cART. The results demonstrated the functional competence of the
CD8" T-cell population in all participants, possibly associated with the early start of therapy after the diagnosis and because patients
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Fig. 6. CD8" T-cell in stimulated with HA9 WT, 1223V, 1223A and V218A/H219Q/1223V. (A) Pie charts depict the proportion of cells with one to
six functions defined according to the production of cytokines and cytotoxic molecules. Outer arc legends represent the molecules produced by each
proportion of cells under the arc. Percentage of cells with one (B), two (C), three (D), four (E), five (F), and six (G) functions. Comparison was
Eerformed with Wilcoxon signed-rank test. Graphs show median and IQR, n = 9.

without treatment did not show marked clinical or immunological deterioration. Nevertheless, during the acute phase of HIV-1
infection, individuals under treatment have shown an expansion of Nef- and Gag-specific CD8" T-cells, along with a highly poly-
functional response [39]. Conversely, proliferative capacity, cytokine production, and degranulation of cytotoxic molecules in CD8™
T-cells were reduced in chronically infected patients with therapy [40]. However, other studies have suggested that cART partially
restores CD8 " T-cell functions, increases the percentage of HIV-specific CD8* T-cells with a polyfunctional response, and decreases the
expression of the PD-1 molecule associated with immune exhaustion [41,42].

The HSNQVSQNY (HY9) epitope is located in the p17 protein, close to the p17/p24 protease cleavage site, and is a variant observed
in HIV-1 sequences belonging to subtype B [43]. NSSKVSQNY (NY9) epitope is known as an optimal HIV-1 subtype B epitope asso-
ciated with IL-2 and IFN-y production by CD8™ T-cells [21,44]. Luo M et al. evaluated the recognition of variants belonging to subtypes
A, B, and C of the HY9 epitope in patients expressing the protective allele HLA-A*01:01. Notably, the variants HY9, H124 N/S125
N/N1268S, and H124 N/S125 N/N126S/Q127K showed comparable affinities, off-rates and IFN-y release [32]. Our study is the first
report describing that more than 1 % of CD8" T-cells stimulated with the wild-type and the mutated variants of the HY9 epitope in
HLA-B*35" participants induce a functional response and can secrete IFN-y, TNF-q, IL-2, IL-10, granzyme B, and perforin. The NNS
pattern has been widely recognized as the typical consensus sequence for glycosylation [45]. Glycopeptides could impact HLA class I
binding, interaction with the T-cell receptor, or proteasome digestion [46]. Studies on HIV have examined the effect of glycopeptides
and the immune response in gp120-derived epitopes, where N-glycosylation induced CD4" T-cell responses and altering glycans
impaired this response [47]. In cancer research, mice immunized with MUC1 glycoproteins demonstrated a robust CD8" T cell
response and high affinity to H 2K b [48]. Analysis of Gag, a matrix/capsid protein in HIV, revealed numerous sites with § O
glycosylation patterns within optimal CD8" T cell epitopes [46]; however, no information was available regarding N-glycosylation.
Additionally, it is noted that our in vitro study utilized synthetic peptides lacking specific glycan patterns. Further research is necessary
to confirm whether these epitopes possess significant glycosylation patterns capable of eliciting specific T-cell responses.

The HPVHAGPIA epitope (HA9) is located in the p24 protein and is an optimal epitope, observed in sequences belonging to the B, C,
and D subtypes [43] and is thought to be restricted to HLA-B*07, -B*35, and -B*55 alleles [49,50]. CD8" T-cells stimulated with the
HA9 peptide induced high IFN-y production in patients expressing the HLA-B*35:01 allele, which has been correlated with high
binding affinity and stability [49,51]. However, cells restricted to that epitope possibly lack the proliferative potential in chronically
infected individuals since IL-2 production has been observed in lower levels [49]. Unlike the HPVHAGPAA (1223A) and HPAQAGPVA
(V218A/H219Q/1223V) mutated variants, the HPFVHAGPVA mutated variant (1223V) was previously reported by Jessen H et al. [50];
however, the CD8" T-cells polyfunctionality restricted to this mutated variant has yet to be reported. This is the first study evaluating
the production of cytokines and cytotoxic molecules, detecting IL-2"CD8" T-cells in 50 % of the patients stimulated with HA9.
Moreover, we observed that IL-2 production was not limited to the wild-type peptide. Cells producing this cytokine were also
quantified upon stimulation with the mutated variants derived from the HA9 epitope.

Moreover, we found a predominance of bifunctional Granzyme B" Perforin® CD8" T-cells after stimulation with high-affinity
peptides in the HA9 epitope. The ability of CD8" T-cells to synthesize cytotoxic molecules such as granzyme B and perforin,
following an encounter with a specific epitope, plays a vital role in the elimination of virus-infected cells [52]. Remarkably, the
expression of granzyme B, one of the most potent proapoptotic granzymes, by HIV-specific CD8™ T-cells is associated with replication
control [53] and the ability to rapidly mediate the elimination of HIV-infected CD4" T-cells [42]. Interestingly, granzyme B is a
cytotoxic molecule expressed at higher levels in HIV-17" individuals with uncontrolled viremia, leading to rapid death of infected CD4™
T-cells [54]. The percentage of Granzyme B" CD8" T-cells decreased when the CD4 " T-cell counts improved [55]. Conversely, perforin
expression has been observed in HIV-specific CD8" T-cells from elite controllers/long-term non-progressors, showing an inverse
correlation between virus replication and proliferation of this cell subpopulation [55,56].

Notably, the binding affinity of peptides to HLA molecules tends to be associated with higher immune responses [22,57], where
amino acid substitutions at critical HIV-1 epitope sites can affect antigenic presentation, reducing the binding affinity and weaken the
TCR-peptide-HLA complex interaction [58,59]. Previously, Lund and collaborators reported that peptides with proline in P2 and
tyrosine in P9 of the peptide could bind to B7 supertype alleles [60]. Also, it has already been suggested that a proline in P2 contributes
to the stability and immunogenicity of the HIV-1 peptide-HLA-B*35 complex [61]. In our study, high-binding affinity mutated peptides
HPVHAGPVA (1223V), HPVHAGPAA (1223A), and HPAQAGPVA (V218A/H219Q/1223V) conserved the same amino acid in residue
P2. However, only 1223V and 1223A, which had changes solely in position 8 (P8) but conserving hydrophobic side chains, exhibited
increased polyfunctionality. This implies that variations in the amino acid sequence at the C-terminal may contribute to a reduction in
the dissociation rate of these epitopes, thereby prolonging the stability of their presentation. As a result, specific CD8" T-cell clones can
properly recognize and activate through T-cell receptor (TCR) recognition [62,63]. These results suggest that the binding peptide
affinity predicted in silico to HLA-I could be associated with the polyfunctional profile of CD8" T-cells, which validates previous as-
sumptions implying that a high binding affinity to the HLA-I molecule could contribute to the peptide immunogenicity [64].
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6. Conclusions

The results of this study indicate that previously reported mutated variants derived from the HA9 and HY9 epitopes [20] induced a
response in CD8" T-cells from HIV-1" participants expressing the HLA-B*35 allele. In addition, high-affinity mutated variants derived
from the HPVHAGPIA (HA9) epitope induced a higher percentage of CD8" T-cells with a polyfunctional profile. Furthermore, these
findings highlight the necessity to identify mutations within epitopes restricted to HLA-B*35 to discover potential peptides that
contribute to developing an antiviral immune response and designing an accessible peptide-based vaccine for a larger HIV-1" cohort.

Financial disclosure
This study was financed by Universidad de Antioquia-UdeA and MINCIENCIAS (111,577,757,038; contract: 773-2017).
Ethical approval

This study was approved by the Bioethical Committee of the Universidad de Antioquia (Act No. 10, May 22, 2017 - Instituto de
Investigaciones Médicas). In addition, all individuals signed an informed consent based on Resolution 008430 from 1993 of the
Colombian Legislation.

Data availability statement

Data will be made available on request.
Consent statement

Written informed consent was obtained from all the participants prior to enrollment in this study.
CRediT authorship contribution statement

Alexandra Sanchez-Martinez: Methodology, Investigation, Formal analysis, Conceptualization. Sofia Giraldo Hoyos: Investi-
gation. Juan Carlos Alzate-Angel: Methodology, Investigation. Fanny Guzman: Writing — review & editing, Methodology, Inves-
tigation. Tanya Roman: Methodology, Investigation. Paula A. Velilla: Writing — review & editing, Methodology, Investigation,
Conceptualization. Liliana Acevedo-Saenz: Writing — original draft, Methodology, Investigation, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal relationships which may be considered as potential competing in-
terests: Paula Velilla-Hernandez reports financial support was provided by Colombia Ministry of Science Technology and Innovation. If
there are other authors, they declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

The authors thank the patients and the HIV healthcare program of “Corporacion para Investigaciones Bioldgicas — CIB” for their
help in patient recruitment and technical assistance.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e33143.

References

[1] S. Dispinseri, M. Tolazzi, G. Scarlatti, The path towards an HIV vaccine, New Microbiol. 45 (2022) 99-103.

[2] S. Hannah, K. Chinyenze, R. Shattock, N. Yola, M. Warren, HIV vaccines in 2022: where to from here? J. Int. AIDS Soc. 25 (2022) https://doi.org/10.1002/
jia2.25923.

[3] C.Penn,J. Watermeyer, M. Evans, Why don’t patients take their drugs? The role of communication, context and culture in patient adherence and the work of the
pharmacist in HIV/AIDS, Patient Educ. Counsel. 83 (2011) 310-318, https://doi.org/10.1016/j.pec.2011.02.018.

[4] P. Munson, Progress towards a therapeutic HIV DNA vaccine, Expet Rev. Vaccine 21 (2022) 783-798, https://doi.org/10.1080/14760584.2022.2059467.

[5] J.A. Warren, G. Clutton, N. Goonetilleke, Harnessing CD8+ T cells under HIV antiretroviral therapy, Front. Immunol. 10 (2019) 291, https://doi.org/10.3389/

fimmu.2019.00291.

G. Mylvaganam, A.G. Yanez, M. Maus, B.D. Walker, Toward T cell-mediated control or elimination of HIV reservoirs: lessons from cancer immunology, Front.

Immunol. 10 (2019) 2109, https://doi.org/10.3389/fimmu.2019.02109.

[6

=

11


https://doi.org/10.1016/j.heliyon.2024.e33143
http://refhub.elsevier.com/S2405-8440(24)09174-6/sref1
https://doi.org/10.1002/jia2.25923
https://doi.org/10.1002/jia2.25923
https://doi.org/10.1016/j.pec.2011.02.018
https://doi.org/10.1080/14760584.2022.2059467
https://doi.org/10.3389/fimmu.2019.00291
https://doi.org/10.3389/fimmu.2019.00291
https://doi.org/10.3389/fimmu.2019.02109

A. Sanchez-Martinez et al. Heliyon 10 (2024) e33143

71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]

[21]

[22]

[23]
[24]
[25]

[26]

[27]
[28]

[29]

[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]

[39]

Y. Chy, Y. Zhang, Q. Wang, L. Zhang, X. Wang, Y. Wang, D.R. Salahub, Q. Xu, J. Wang, X. Jiang, Y. Xiong, D.-Q. Wei, A transformer-based model to predict
peptide-HLA class I binding and optimize mutated peptides for vaccine design, Nat. Mach. Intell. 4 (2022) 300-311, https://doi.org/10.1038/542256-02.2-
00459-7.

M. Rolland, D. Heckerman, W. Deng, C.M. Rousseau, H. Coovadia, K. Bishop, P.J.R. Goulder, B.D. Walker, C. Brander, J.I. Mullins, Broad and gag-biased HIV-1
epitope repertoires are associated with lower viral loads, PLoS One 3 (2008) e1424, https://doi.org/10.1371/journal.pone.0001424.

R. Zuniga, A. Lucchetti, P. Galvan, S. Sanchez, C. Sanchez, A. Hernandez, H. Sanchez, N. Frahm, C.H. Linde, H.S. Hewitt, W. Hildebrand, M. Altfeld, T.M. Allen,
B.D. Walker, B.T. Korber, T. Leitner, J. Sanchez, C. Brander, Relative dominance of Gag p24-specific cytotoxic T lymphocytes is associated with human
immunodeficiency virus control, J. Virol. 80 (2006) 3122-3125, https://doi.org/10.1128/JVI1.80.6.3122-3125.2006.

V.A. Vieira, J. Millar, E. Adland, M. Muenchhoff, J. Roider, C.F. Guash, D. Peluso, B. Thomé, M.C. Garcia-Guerrero, M.C. Puertas, A. Bamford, C. Brander,
M. Carrington, J. Martinez-Picado, J. Frater, G. Tudor-Williams, P. Goulder, Robust HIV-specific CD4+ and CD8+ T-cell responses distinguish elite control in
adolescents living with HIV from viremic nonprogressors, AIDS 36 (2022) 95-105, https://doi.org/10.1097/QAD.0000000000003078.

M. Jia, K. Hong, J. Chen, Y. Ruan, Z. Wang, B. Su, G. Ren, X. Zhang, Z. Liu, Q. Zhao, D. Li, H. Peng, M. Altfeld, B.D. Walker, X.G. Yu, Y. Shao, Preferential CTL
targeting of Gag is associated with relative viral control in long-term surviving HIV-1 infected former plasma donors from China, Cell Res. 22 (2012) 903-914,
https://doi.org/10.1038/cr.2012.19.

P.J.R. Goulder, B.D. Walker, HIV and HLA class I: an evolving relationship, Immunity 37 (2012) 426-440, https://doi.org/10.1016/j.immuni.2012.09.005.
A.M. Arrunategui, A. Villegas, L.A. Ocampo, L.M. Rodriguez, A. Badih, Frecuencias alélicas, genotipicas y haplotipicas del sistema HLA clase i y ii en donantes de
una poblacién del suroccidente colombiano, 38, 2013, p. 6.

L.W. Lunardi, M.A. de S. Bragatte, G.F. Vieira, The influence of HLA/HIV genetics on the occurrence of elite controllers and a need for therapeutics geotargeting
view, Braz. J. Infect. Dis. 25 (2021) 101619, https://doi.org/10.1016/j.bjid.2021.101619.

P. Kiepiela, A.J. Leslie, I. Honeyborne, D. Ramduth, C. Thobakgale, S. Chetty, P. Rathnavalu, C. Moore, K.J. Pfafferott, L. Hilton, P. Zimbwa, S. Moore, T. Allen,
C. Brander, M.M. Addo, M. Altfeld, I. James, S. Mallal, M. Bunce, L.D. Barber, J. Szinger, C. Day, P. Klenerman, J. Mullins, B. Korber, H.M. Coovadia, B.

D. Walker, P.J.R. Goulder, Dominant influence of HLA-B in mediating the potential co-evolution of HIV and HLA, Nature (2004), https://doi.org/10.1038/
nature03113.

P.C. Matthews, M. Koyanagi, H.N. Klgverpris, M. Harndahl, A. Stryhn, T. Akahoshi, H. Gatanaga, S. Oka, C.J. Molina, H.V. Ponce, S.A. Rios, D. Cole, J. Carlson,
R.P. Payne, A. Ogwu, A. Bere, T. Ndung’u, K. Gounder, F. Chen, L. Riddell, G. Luzzi, R. Shapiro, C. Brander, B. Walker, A.K. Sewell, G.R. Teran, D. Heckerman,
E. Hunter, S. Buus, M. Takiguchi, P.J.R. Goulder, Differential clade-specific HLA-B*3501 association with HIV-1 disease outcome is linked to immunogenicity of
a single Gag epitope, J. Virol. 86 (2012) 12643, https://doi.org/10.1128/JVI1.01381-12.

M. Carrington, G.W. Nelson, M.P. Martin, T. Kissner, D. Vlahov, J.J. Goedert, R. Kaslow, S. Buchbinder, K. Hoots, S.J. O’Brien, HLA and HIV-1: heterozygote
advantage and B*35-Cw*04 disadvantage, Science 283 (1999) 1748-1752, https://doi.org/10.1126/science.283.5408.1748.

J.M.C. Angulo, T.A.C. Cuesta, E.P. Menezes, C. Pedroso, C. Brites, A systematic review on the influence of HLA-B polymorphisms ON HIV-1 mother-to-child-
transmission, Braz. J. Infect. Dis. 23 (2019) 53-59, https://doi.org/10.1016/j.bjid.2018.12.002.

A. Kosmrlj, E.L. Read, Y. Qi, T.M. Allen, M. Altfeld, S.G. Deeks, F. Pereyra, M. Carrington, B.D. Walker, A.K. Chakraborty, Effects of thymic selection of the T cell
repertoire on HLA-class I associated control of HIV infection, Nature 465 (2010) 350, https://doi.org/10.1038/NATURE08997.

D. Arcia, R. Ochoa, J.C. Hernandez, C.M. Alvarez, F.J. Diaz, P.A. Velilla, L. Acevedo-Saenz, Potential immune escape mutations under inferred selection pressure
in HIV-1 strains circulating in Medellin, Colombia, Infect. Genet. Evol. 69 (2019) 267-278, https://doi.org/10.1016/j.meegid.2018.07.001.

F.K. Bihl, E. Loggi, J.V. Chisholm, H.S. Hewitt, L.M. Henry, C. Linde, T.J. Suscovich, J.T. Wong, N. Frahm, P. Andreone, C. Brander, Simultaneous assessment of
cytotoxic T lymphocyte responses against multiple viral infections by combined usage of optimal epitope matrices, anti- CD3 mAb T-cell expansion and
“RecycleSpot,”, J. Transl. Med. 3 (2005) 20, https://doi.org/10.1186/1479-5876-3-20.

A. Sanchez-Martinez, L. Acevedo-Séaenz, J.C. Alzate-Angel, C.M. Alvarez, F. Guzman, T. Roman, S. Urcuqui-Inchima, W.D. Cardona-Maya, P.A. Velilla,
Functional profile of CD8+ T-cells in response to HLA-A*02:01-Restricted mutated epitopes derived from the Gag protein of circulating HIV-1 strains from
medellin, Colombia, Front. Immunol. 13 (2022) 793982, https://doi.org/10.3389/fimmu.2022.793982.

J. Vitallé, L. Terrén, L. Gamboa-Urquijo, A. Orrantia, L. Taranc6n-Diez, M. Genebat, M. Leal, E. Ruiz-Mateos, F. Borrego, O. Zenarruzabeitia, Polyfunctional HIV-
1 specific response by CD8+ T lymphocytes expressing high levels of CD300a, Sci. Rep. (2020), https://doi.org/10.1038/541598-020-63025-4.

R.A. Seder, P.A. Darrah, M. Roederer, T-cell quality in memory and protection: implications for vaccine design, Nat. Rev. Immunol. (2008), https://doi.org/
10.1038/nri2274.

M. Roederer, J.L. Nozzi, M.C. Nason, SPICE: exploration and analysis of post-cytometric complex multivariate datasets, Cytometry (2011), https://doi.org/
10.1002/cyto.a.21015.

V. Appay, D.F. Nixon, S.M. Donahoe, G.M.A. Gillespie, T. Dong, A. King, G.S. Ogg, H.M.L. Spiegel, C. Conlon, C.A. Spina, D.V. Havlir, D.D. Richman, A. Waters,
P. Easterbrook, A.J. McMichael, S.L. Rowland-Jones, HIV-specific CD8+ T cells produce antiviral cytokines but are impaired in cytolytic function, J. Exp. Med.
(2000), https://doi.org/10.1084/jem.192.1.63.

M. Rehr, J. Cahenzli, A. Haas, D.A. Price, E. Gostick, M. Huber, U. Karrer, A. Oxenius, Emergence of polyfunctional CD8 + T cells after prolonged suppression of
human immunodeficiency virus replication by antiretroviral therapy, J. Virol. (2008), https://doi.org/10.1128/jvi.02383-07.

B.J.C. Macatangay, C.R. Rinaldo, Preserving HIV-specific T Cell Responses: Does Timing of Antiretroviral Therapy Help? Current Opinion in HIV and AIDS, 2015
https://doi.org/10.1097/COH.0000000000000124.

N. Goonetilleke, M.K.P. Liu, J.F. Salazar-Gonzalez, G. Ferrari, E. Giorgi, V.V. Ganusov, B.F. Keele, G.H. Learn, E.L. Turnbull, M.G. Salazar, K.J. Weinhold,

S. Moore, N. Letvin, B.F. Haynes, M.S. Cohen, P. Hraber, T. Bhattacharya, P. Borrow, A.S. Perelson, B.H. Hahn, G.M. Shaw, B.T. Korber, A.J. McMichael, The first
T cell response to transmitted/founder virus contributes to the control of acute viremia in HIV-1 infection, J. Exp. Med. (2009), https://doi.org/10.1084/
jem.20090365.

V. Appay, L. Papagno, C.A. Spina, P. Hansasuta, A. King, L. Jones, G.S. Ogg, S. Little, A.J. McMichael, D.D. Richman, S.L. Rowland-Jones, Dynamics of T Cell
responses in HIV infection, J. Immunol. 168 (2002) 3660-3666, https://doi.org/10.4049/JIMMUNOL.168.7.3660.

A. Nelde, H.-G. Rammensee, J.S. Walz, The peptide vaccine of the future, Mol. Cell. Proteomics 20 (2021) 100022, https://doi.org/10.1074/mcp.R120.002309.
M. Luo, C.A. Daniuk, T.O. Diallo, R.E. Capina, J. Kimani, C. Wachihi, M. Kimani, T. Bielawny, T. Peterson, M.G.R. Mendoza, S. Kiazyk, T.B. Ball, F.A. Plummer,
For protection from HIV-1 infection, more might not Be better: a systematic analysis of HIV Gag epitopes of two alleles associated with different outcomes of
HIV-1 infection, J. Virol. 86 (2012) 1166, https://doi.org/10.1128/JVI1.05721-11.

F. Williams, A. Meenagh, C. Darke, A. Acosta, A.S. Daar, C. Gorodezky, M. Hammond, E. Nascimento, D. Middleton, Analysis of the distribution of HLA-B alleles
in populations from five continents, Hum. Immunol. 62 (2001) 645-650, https://doi.org/10.1016/50198-8859(01)00247-6.

Y.R. Arias, K. Osorio-Arango, B. Bayona, G. Ercilla, M. Beltran-Duran, Determination of HLA -A, -B, -DRB1 polymorphism in brain dead organ donors
representative of the Colombian general population, 2007-2014, Biomedica 37 (2017), https://doi.org/10.7705/biomedica.v37i2.3263.

C. Romero-Sanchez, N. Hernandez, L. Chila-Moreno, K. Jiménez, D. Padilla, J.M. Bello-Gualtero, W. Bautista-Molano, HLA-B allele, genotype, and haplotype
frequencies in a group of healthy individuals in Colombia, J. Clin. Rheumatol. 27 (2021) S148-S152, https://doi.org/10.1097/RHU.0000000000001671.
C.B. Willberg, K.E. Garrison, R.B. Jones, D.J. Meiklejohn, G. Spotts, T.J. Liegler, M.A. Ostrowski, A.C. Karlsson, F.M. Hecht, D.F. Nixon, Rapid progressing allele
HLA-B35 Px restricted anti-HIV-1 CD8+ T cells recognize vestigial CTL epitopes, PLoS One (2010), https://doi.org/10.1371/journal.pone.0010249.

S. Elahi, S. Shahbaz, S. Houston, Selective upregulation of CTLA-4 on CD8+ T cells restricted by HLA-B*35Px renders them to an exhausted phenotype in HIV-1
infection, PLoS Pathog. 16 (2020) €1008696, https://doi.org/10.1371/journal.ppat.1008696.

A. Olvera, C. Ganoza, S. Pérez-Alvarez, W. Hildebrand, J. Sanchez, C. Brander, HLA-B*35-PX and HLA-B*35-PY subtype differentiation does not predict
observed differences in level of HIV control in a Peruvian MSM cohort, AIDS 28 (2014) 2323-2325, https://doi.org/10.1097/QAD.0000000000000403.

J. Salido, M.J. Ruiz, C. Trifone, M.I. Figueroa, M.P. Caruso, M.M. Gherardi, O. Sued, H. Salomén, N. Laufer, Y. Ghiglione, G. Turk, Phenotype, polyfunctionality,
and antiviral activity of in vitro stimulated CD8+ T-Cells from HIV+ subjects who initiated cART at different time-points after acute infection, Front. Immunol.
(2018), https://doi.org/10.3389/fimmu.2018.02443.

12


https://doi.org/10.1038/s42256-022-00459-7
https://doi.org/10.1038/s42256-022-00459-7
https://doi.org/10.1371/journal.pone.0001424
https://doi.org/10.1128/JVI.80.6.3122-3125.2006
https://doi.org/10.1097/QAD.0000000000003078
https://doi.org/10.1038/cr.2012.19
https://doi.org/10.1016/j.immuni.2012.09.005
http://refhub.elsevier.com/S2405-8440(24)09174-6/sref13
http://refhub.elsevier.com/S2405-8440(24)09174-6/sref13
https://doi.org/10.1016/j.bjid.2021.101619
https://doi.org/10.1038/nature03113
https://doi.org/10.1038/nature03113
https://doi.org/10.1128/JVI.01381-12
https://doi.org/10.1126/science.283.5408.1748
https://doi.org/10.1016/j.bjid.2018.12.002
https://doi.org/10.1038/NATURE08997
https://doi.org/10.1016/j.meegid.2018.07.001
https://doi.org/10.1186/1479-5876-3-20
https://doi.org/10.3389/fimmu.2022.793982
https://doi.org/10.1038/s41598-020-63025-4
https://doi.org/10.1038/nri2274
https://doi.org/10.1038/nri2274
https://doi.org/10.1002/cyto.a.21015
https://doi.org/10.1002/cyto.a.21015
https://doi.org/10.1084/jem.192.1.63
https://doi.org/10.1128/jvi.02383-07
https://doi.org/10.1097/COH.0000000000000124
https://doi.org/10.1084/jem.20090365
https://doi.org/10.1084/jem.20090365
https://doi.org/10.4049/JIMMUNOL.168.7.3660
https://doi.org/10.1074/mcp.R120.002309
https://doi.org/10.1128/JVI.05721-11
https://doi.org/10.1016/S0198-8859(01)00247-6
https://doi.org/10.7705/biomedica.v37i2.3263
https://doi.org/10.1097/RHU.0000000000001671
https://doi.org/10.1371/journal.pone.0010249
https://doi.org/10.1371/journal.ppat.1008696
https://doi.org/10.1097/QAD.0000000000000403
https://doi.org/10.3389/fimmu.2018.02443

A. Sanchez-Martinez et al.

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]
[54]

[55]

[56]

[57]
[58]
[59]
[60]
[61]

[62]

[63]

[64]

Heliyon 10 (2024) e33143

S.A. Migueles, K.A. Weeks, E. Nou, A.M. Berkley, J.E. Rood, C.M. Osborne, C.W. Hallahan, N.A. Cogliano-Shutta, J.A. Metcalf, M. McLaughlin, R. Kwan, J.
M. Mican, R.T. Davey, M. Connors, Defective human immunodeficiency virus-specific CD8 + T-cell polyfunctionality, proliferation, and cytotoxicity are not
restored by antiretroviral therapy, J. Virol. (2009), https://doi.org/10.1128/jvi.01153-09.

V. Appay, D.F. Nixon, S.M. Donahoe, G.M.A. Gillespie, T. Dong, A. King, G.S. Ogg, H.M.L. Spiegel, C. Conlon, C.A. Spina, D.V. Havlir, D.D. Richman, A. Waters,
P. Easterbrook, A.J. McMichael, S.L. Rowland-Jones, HIV-specific CD8+ T cells produce antiviral cytokines but are impaired in cytolytic function, J. Exp. Med.
(2000), https://doi.org/10.1084/jem.192.1.63.

S.A. Migueles, C.M. Osborne, C. Royce, A.A. Compton, R.P. Joshi, K.A. Weeks, J.E. Rood, A.M. Berkley, J.B. Sacha, N.A. Cogliano-Shutta, M. Lloyd, G. Roby,
R. Kwan, M. McLaughlin, S. Stallings, C. Rehm, M.A. O’Shea, J. Mican, B.Z. Packard, A. Komoriya, S. Palmer, A.P. Wiegand, F. Maldarelli, J.M. Coffin, J.
W. Mellors, C.W. Hallahan, D.A. Follman, M. Connors, Lytic granule loading of CD8+ T cells is required for HIV-infected cell elimination associated with
immune control, Immunity 29 (2008) 1009-1021, https://doi.org/10.1016/j.immuni.2008.10.010.

A.A.R. Antar, K.M. Jenike, S. Jang, D.N. Rigau, D.B. Reeves, R. Hoh, M.R. Krone, J.C. Keruly, R.D. Moore, J.T. Schiffer, B.A.S. Nonyane, F.M. Hecht, S.G. Deeks,
J.D. Siliciano, Y.-C. Ho, R.F. Siliciano, Longitudinal study reveals HIV-1-infected CD4+ T cell dynamics during long-term antiretroviral therapy, J. Clin.
Investig. 130 (2020) 3543, https://doi.org/10.1172/JCI135953.

Y. Peretz, O. Marra, R. Thomas, D. Legault, P. Coté, M.-R. Boulassel, D. Rouleau, J.-P. Routy, R.-P. Sékaly, C.M. Tsoukas, C. Tremblay, N.F. Bernard, Relative
Contribution of HIV-specific Functional Lymphocyte Subsets Restricted by Protective and Non-protective HLA Alleles, 24, 2011, pp. 189-198, https://doi.org/
10.1089/VIM.2010.0117.

M.S. Lowenthal, K.S. Davis, T. Formolo, L.E. Kilpatrick, K.W. Phinney, Identification of novel N-glycosylation sites at non-canonical protein consensus motifs,
J. Proteome Res. 15 (2016) 2087-2101, https://doi.org/10.1021/acs.jproteome.5b00733.

A. Olvera, S. Cedeno, A. Llano, B. Mothe, J. Sanchez, G. Arsequell, C. Brander, Does antigen glycosylation impact the HIV-specific T cell immunity? Front.
Immunol. 11 (2021). https://www.frontiersin.org/articles/10.3389/fimmu.2020.573928. (Accessed 9 December 2023).

L. Sun, A.V. Paschall, D.R. Middleton, M. Ishihara, A. Ozdilek, P.L. Wantuch, J. Aceil, J.A. Duke, C.C. LaBranche, M. Tiemeyer, F.Y. Avci, Glycopeptide epitope
facilitates HIV-1 envelope specific humoral immune responses by eliciting T cell help, Nat. Commun. 11 (2020) 2550, https://doi.org/10.1038/541467-020-
16319-0.

V. Apostolopoulos, E. Yuriev, P.A. Ramsland, J. Halton, C. Osinski, W. Li, M. Plebanski, H. Paulsen, I.F.C. McKenzie, A glycopeptide in complex with MHC class I
uses the GalNAc residue as an anchor, Proc Natl Acad Sci U S A 100 (2003) 15029-15034, https://doi.org/10.1073/pnas.2432220100.

S.J. Westrop, N. Grageda, N. Imami, Novel approach to recognition of predicted HIV-1 Gag B3501-restricted CD8 T-cell epitopes by HLA-B3501(+) patients:
confirmation by quantitative ELISpot analyses and characterisation using multimers, J. Inmunol. Methods 341 (2009) 76-85, https://doi.org/10.1016/J.
JIM.2008.11.003.

H. Jessen, T.M. Allen, H. Streeck, How a single patient influenced HIV research — 15-year follow-up, N. Engl. J. Med. (2014), https://doi.org/10.1056/
nejmec1308413.

P.C. Matthews, M. Koyanagi, H.N. Klgverpris, M. Harndahl, A. Stryhn, T. Akahoshi, H. Gatanaga, S. Oka, C. Juarez Molina, H. Valenzuela Ponce, S. Avila Rios,
D. Cole, J. Carlson, R.P. Payne, A. Ogwu, A. Bere, T. Ndung'u, K. Gounder, F. Chen, L. Riddell, G. Luzzi, R. Shapiro, C. Brander, B. Walker, A.K. Sewell, G. Reyes
Teran, D. Heckerman, E. Hunter, S. Buus, M. Takiguchi, P.J.R. Goulder, Differential clade-specific HLA-B*3501 association with HIV-1 disease outcome is linked
to immunogenicity of a single Gag epitope, J. Virol. 86 (2012) 12643-12654, https://doi.org/10.1128/JV1.01381-12.

A. Malyguine, S. Strobl, L. Zaritskaya, M. Baseler, K. Shafer-Weaver, New approaches for monitoring CTL activity in clinical trials, in: Advances in Experimental
Medicine and Biology, 2007, https://doi.org/10.1007/978-0-387-72005-0_29.

1. Voskoboinik, J.C. Whisstock, J.A. Trapani, Perforin and granzymes: function, dysfunction and human pathology, Nat. Rev. Immunol. 15 (2015) 388-400,
https://doi.org/10.1038/nri3839.

S.M. Salti, E.M. Hammelev, J.L. Grewal, S.T. Reddy, S.J. Zemple, W.J. Grossman, M.H. Grayson, J.W. Verbsky, Granzyme B regulates antiviral CD8 + T cell
responses, J. Immunol. (2011), https://doi.org/10.4049/jimmunol.1100891.

S.A. Migueles, A.C. Laborico, W.L. Shupert, M.S. Sabbaghian, R. Rabin, C.W. Hallahan, D. Van Baarle, S. Kostense, F. Miedema, M. McLaughlin, L. Ehler,

J. Metcalf, S. Liu, M. Connors, HIV-specific CD8+ T cell proliferation is coupled to perforin expression and is maintained in nonprogressors, Nat. Immunol.
(2002), https://doi.org/10.1038/ni845.

A.R. Hersperger, F. Pereyra, M. Nason, K. Demers, P. Sheth, L.Y. Shin, C.M. Kovacs, B. Rodriguez, S.F. Sieg, L. Teixeira-Johnson, D. Gudonis, P.A. Goepfert, M.
M. Lederman, 1. Frank, G. Makedonas, R. Kaul, B.D. Walker, M.R. Betts, Perforin expression directly ex vivo by HIV-specific CD8+ T-cells is a correlate of HIV
elite control, PLoS Pathog. 6 (2010) e1000917, https://doi.org/10.1371/journal.ppat.1000917.

S. Paul, D. Weiskopf, M.A. Angelo, J. Sidney, B. Peters, A. Sette, HLA class I alleles are associated with peptide-binding repertoires of different size, affinity, and
immunogenicity, J. Immunol. 191 (2013) 5831-5839, https://doi.org/10.4049/jimmunol.1302101.

P.J.R. Goulder, D.I. Watkins, HIV and SIV CTL escape: implications for vaccine design, Nat. Rev. Immunol. (2004), https://doi.org/10.1038/nri1417.

J.D. Altman, M.B. Feinberg, HIV escape: there and back again, Nat Med 10 (2004) 229-230, https://doi.org/10.1038/nm0304-229.

O. Lund, M. Nielsen, C. Kesmir, A.G. Petersen, C. Lundegaard, P. Worning, C. Sylvester-Hvid, K. Lamberth, G. Rgder, S. Justesen, S. Buus, S. Brunak, Definition of
supertypes for HLA molecules using clustering of specificity matrices, Immunogenetics (2004), https://doi.org/10.1007/500251-004-0647-4.

N. Svitek, R. Saya, H. Zhang, V. Nene, L. Steinaa, Systematic determination of TCR-antigen and peptide-MHC binding kinetics among field variants of a theileria
parva polymorphic CTL epitope, J. Immunol. 208 (2022) 549-561, https://doi.org/10.4049/jimmunol.2100400.

V. Levitsky, Q.J. Zhang, J. Levitskaya, M.G. Masucci, The life span of major histocompatibility complex-peptide complexes influences the efficiency of
presentation and immunogenicity of two class I-restricted cytotoxic T lymphocyte epitopes in the Epstein-Barr virus nuclear antigen 4, J. Exp. Med. (1996),
https://doi.org/10.1084/jem.183.3.915.

M. Harndahl, M. Rasmussen, G. Roder, 1.D. Pedersen, M. Sgrensen, M. Nielsen, S. Buus, Peptide-MHC class I stability is a better predictor than peptide affinity of
CTL immunogenicity, Eur. J. Immunol. 42 (2012) 1405-1416, https://doi.org/10.1002/€ji.201141774.

D.H. Busch, E.G. Pamer, MHC class I/peptide stability: implications for immunodominance, in vitro proliferation, and diversity of responding CTL, Journal of
Immunology (Baltimore, Md 1950 (1998).

13


https://doi.org/10.1128/jvi.01153-09
https://doi.org/10.1084/jem.192.1.63
https://doi.org/10.1016/j.immuni.2008.10.010
https://doi.org/10.1172/JCI135953
https://doi.org/10.1089/VIM.2010.0117
https://doi.org/10.1089/VIM.2010.0117
https://doi.org/10.1021/acs.jproteome.5b00733
https://www.frontiersin.org/articles/10.3389/fimmu.2020.573928
https://doi.org/10.1038/s41467-020-16319-0
https://doi.org/10.1038/s41467-020-16319-0
https://doi.org/10.1073/pnas.2432220100
https://doi.org/10.1016/J.JIM.2008.11.003
https://doi.org/10.1016/J.JIM.2008.11.003
https://doi.org/10.1056/nejmc1308413
https://doi.org/10.1056/nejmc1308413
https://doi.org/10.1128/JVI.01381-12
https://doi.org/10.1007/978-0-387-72005-0_29
https://doi.org/10.1038/nri3839
https://doi.org/10.4049/jimmunol.1100891
https://doi.org/10.1038/ni845
https://doi.org/10.1371/journal.ppat.1000917
https://doi.org/10.4049/jimmunol.1302101
https://doi.org/10.1038/nri1417
https://doi.org/10.1038/nm0304-229
https://doi.org/10.1007/s00251-004-0647-4
https://doi.org/10.4049/jimmunol.2100400
https://doi.org/10.1084/jem.183.3.915
https://doi.org/10.1002/eji.201141774
http://refhub.elsevier.com/S2405-8440(24)09174-6/sref64
http://refhub.elsevier.com/S2405-8440(24)09174-6/sref64

	CD8+T-cell response to mutated HLA-B*35-restricted Gag HY9 and HA9 epitopes from HIV-1 variants from Medellin, Colombia
	1 Introduction
	2 Materials and methods
	2.1 Study participants

	3 T-cell counts
	3.1 HLA-I typing and peptides synthesis
	3.2 CD8+ T-cells stimulation
	3.3 Intracellular cytokine staining
	3.4 Flow cytometry analysis
	3.5 Statistical analysis

	4 Results
	4.1 Clinical characteristics of HLA-B*35+ HIV-1+ participants
	4.2 CD8+ T-cell functional capacity is maintained in the study population

	5 Discussion
	6 Conclusions
	Financial disclosure
	Ethical approval
	Data availability statement
	Consent statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


