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Introduction: HIV-1 infection may produce a detrimental effect on the immune
response. Early start of antiretroviral therapy (ART) is recommended to preserve
the integrity of the immune system. In fact, people with HIV (PWH) and normal
CD4/CD8 ratio appear not to be more susceptible to severe forms of COVID-19
than the general population and they usually present a good seroconversion rate
in response to vaccination against SARS-CoV-2. However, few studies have fully
characterized the development of cytotoxic immune populations in response to
COVID-19 vaccination in these individuals.

Methods: In this study, we recruited PWH with median time of HIV-1 infection of
6 years, median CD4/CD8 ratio of 1.0, good adherence to ART, persistently
undetectable viral load, and negative serology against SARS-CoV-2, who then
received the complete vaccination schedule against COVID-19. Blood samples
were taken before vaccination against COVID-19 and one month after receiving
the complete vaccination schedule.

Results: PWH produced high levels of IgG against SARS-CoV-2 in response to
vaccination that were comparable to healthy donors, with a significantly higher
neutralization capacity. Interestingly, the cytotoxic activity of PBMCs from PWH
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against SARS-CoV-2-infected cells was higher than healthy donors before receiving
the vaccination schedule, pointing out the pre-existence of activated cell populations
with likely unspecific antiviral activity. The characterization of these cytotoxic cell
populations revealed high levels of Tgd cells with degranulation capacity against
SARS-CoV-2-infected cells. In response to vaccination, the degranulation capacity of
CD8+ T cells also increased in PWH but not in healthy donors.

Discussion: The full vaccination schedule against COVID-19 did not modify the
ability to respond against HIV-1-infected cells in PWH and these individuals did
not show more susceptibility to breakthrough infection with SARS-CoV-2 than
healthy donors after 12 months of follow-up. These results revealed the
development of protective cell populations with broad-spectrum antiviral
activity in PWH with normal CD4/CD8 ratio and confirmed the importance of

early ART and treatment adherence to avoid immune dysfunctions.
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people with HIV, COVID-19 vaccination, Tyd cells, cellular immune response, humoral

immune response

Introduction

Infection by the human immunodeficiency virus type 1 (HIV-1)
may cause a severe impairment of the immune response (1). The
rapid initiation of the antiretroviral therapy (ART) and continuous
adherence to it may protect CD4+ T cells from HIV-1 infection and
elimination, stabilizing the CD4/CD8 ratio (2). Therefore, among
other determinations such as quantitative measurements of viral
load (3), the CD4/CD8 ratio may be used as a quantitative outcome
of both HIV-1 pathogenesis and disease progression and to
determine the integrity of the immune response in people with
HIV (PWH). CD4/CDS8 below 0.4 has been associated with immune
senescence and higher risk of morbimortality in aviremic PWH (4),
while PWH with CD4/CD8 ratio greater than 1.0 show a healthy
immune system that may respond efficiently to other infectious
agents and to vaccination. In fact, vaccination is recommended in
PWH with well-controlled HIV-1 infection and CD4 counts above
200 cells/pl (5), including vaccines against Influenza, Hepatitis A
and B virus, pneumococcus, or SARS-CoV-2 (6, 7). CD4/CD8 is
also considered a prognostic risk factor for other infectious diseases
such as Coronavirus disease 2019 (COVID-19) (8-10) and high
levels of CD4+ T cells have been associated with an adequate
seroconversion in PWH after vaccination against COVID-19,
while PWH with low CD4 counts may not respond adequately
even after receiving the complete vaccination schedule (11).
However, there is still not consensus if PWH have an increased
risk of developing severe COVID-19 or not compared to healthy
individuals or if they can response adequately to COVID-19
vaccination (12, 13), mostly due to the different progression of
HIV-1 infection in each individual, the presence of comorbidities,
and other social determinants of health (14).
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The available data suggest that COVID-19 vaccines are safe in
PWH, with the same incidence rates of adverse events than healthy
donors (15). The analysis of efficacy of COVID-19 vaccination
revealed no significant differences between PWH and healthy
donors in seroconversion rates (16, 17), although most humoral
studies did not consider the possible interference of some ART
regimens on the neutralizing capacity of plasma IgG (18).
Moreover, most studies only evaluated the humoral response,
while the cellular immune response has been poorly characterized
so far. The cytotoxic cellular immunity is considered an essential
first line defense against SARS-CoV-2 infection (19) and the early
development of cytotoxic CD8+ T cells correlates with effective viral
clearance and mild disease (20, 21), being the absence of effector
CD8+ T cells one major cause of COVID-19 mortality (8).
Therefore, the development of cytotoxic cell populations with
antiviral capacity against SARS-CoV-2 after vaccination would be
essential for a full protection against COVID-19.

During HIV-1 infection, the cytotoxic response dependent on
CD8+ T cells may be impaired due to several mechanisms that allow
the virus to escape CD8 recognition and functionality such as MHC
class I downregulation, impaired cytokine production, and
alteration of TCR signaling that may induce anergy (22). These
mechanisms would affect the capacity of CD8+ T cells to respond
adequately to COVID-19 vaccination in PWH. However, other cells
with cytotoxic activity may contribute to the general antiviral
defense. NK cells are multifunctional effector cells less specialized
than CD8+ T cells that may contribute to rapidly eliminate infected
cells during HIV-1 acute infection (23). NK cells have a wide
antiviral activity that permits the recognition and elimination of
very different target cells. Although with limited capacity for
immunological memory, vaccination against COVID-19 may
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influence the efficacy of the immune response through the
stimulation of NK cells (24). Other important subset of cytotoxic
cells are TYd cells, a lineage of unconventional T cells with broad
antigen specificity and NK-like direct cytotoxic capacity that are not
restricted to MHC-mediated antigen presentation (25, 26). Ty cell
populations may change over time in response to HIV-1 infection
and they are considered a surrogate marker of AIDS progression
(27). Vaccination against COVID-19 appears to be able to trigger
TYS cell populations with antiviral capacity (28).

In this prospective, longitudinal, observational study, we
analyzed the changes produced in both humoral and cellular
immune responses in PWH with normal CD4/CD8 ratio in
response to the full vaccination schedule against COVID-19. We
also characterized the main effector cells with cytotoxic activity that
are mediating the cellular immune response against HIV-1 and
SARS-CoV-2. This information may contribute to a better
understanding about the quality of the cellular immune response
in PWH and the capacity of their immune system to respond

to vaccination.

Materials and methods
Study subjects

PWH (n=25) and healthy donors (n=16) were recruited
between March and July 2021 at the Hospital Universitario
Severo Ochoa (Madrid, Spain) and the Primary Healthcare
Center Doctor Pedro Lain Entralgo (Madrid, Spain), respectively,
for this prospective, longitudinal, observational study. Sample size
was calculated using the sample size calculator Granmo (29) based
on a level of confidence 0:=0.05 (95%) and power of the analysis
=0.2 (80%). The inclusion criteria were to be over 18 years old,
CD4 > 500 cells/ul, not having a previous diagnosis of COVID-19,
and to have been vaccinated through the Spanish Vaccination
Program with two doses of one vaccine approved at the time for
these participants: Comirnaty (BioNTech, Mainz, Germany; Pfizer,
New York, NY) or Spikevax (Moderna, Cambridge, MA); or with
one dose of Jcovden (Janssen, Titusville, NJ).

Blood samples were obtained before vaccination and 4-6 weeks
after receiving the full vaccination schedule. Basal serology to detect
IgG against SARS-CoV-2 was performed in plasma from the first
blood sample to discard an asymptomatic infection before
vaccination. All participants were followed up for 12 months after
receiving the full vaccination schedule to record SARS-CoV-2
breakthrough infections.

Ethical statement

All individuals gave informed written consent to participate in the
study before their inclusion. Current Spanish and European Data
Protection Acts guarantees the anonymity and confidentiality of all
participants. Protocol for this study (CEI PI 29_2021-v3) was prepared
in accordance with the Helsinki Declaration and previously reviewed
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and approved by the Ethics Committees of Instituto de Salud Carlos III
(IRB IORG0006384) and the participating centers.

Cells

Peripheral blood mononuclear cells (PMBCs) and plasma were
isolated from whole blood collected in EDTA Vacutainer tubes
(Becton Dickinson, Madrid, Spain) using Ficoll-Hypaque density
gradient (Pharmacia Corporation, North Peapack, NJ) by
centrifugation and then they were cryopreserved until analysis.
Vero E6 cell line (African green monkey kidney; ECACC
85020206) was kindly provided by Dr. Antonio Alcami (CBM
Severo Ochoa, Madrid) and it was cultured in DMEM
supplemented with 10% FCS, 2 mM L-glutamine, and 100 units/
ml penicillin and streptomycin. HEK-293T (embryonic human
kidney; ECACC 85120602) and TZM-bl/JC53BL-13 (human
cervix; NIH AIDS Research and Reference Reagent Program, no.
8129) cell lines were obtained from the existing collection of the
Instituto de Salud Carlos III (Madrid, Spain) and they were cultured
as described above for Vero E6 cells.

IgG titers against SARS-CoV-2

Serology against the spike (S) protein of SARS-CoV-2 was
performed in plasma of all participants using Euroimmun Anti-
SARS-CoV-2 ELISA Assay (EI 2606-9601-10 G; Euroimmun,
Liibeck, Germany) that can detect Alpha, Beta, Gamma, and
Delta variants. Semi-quantitative results were analyzed by
calculating the ratio of extinction of each plasma sample over the
calibrator. Results were considered positive with IgG titer > 1.1 and
negative with IgG titer < 0.8. Undermined results were located
between values 1.1 and 0.8.

SARS-CoV-2 neutralization assay

Pseudotyped single-cycle pNL4-3Aenv_SARS-CoV-2-SA19
(G614)_Ren virus was obtained by co-transfection of HEK-293T
cells with vector pNL4-3Aenv_Ren that contains HIV-1-1 genome
without env and renilla luciferase gene as reporter (30), together
with vector pcDNA3.1-SARS-CoV-2-SA19 that expresses SARS-
CoV-2 § glycoprotein gene without the last 19 amino acids
(QHU36824.1) (31). Co-transfection of pcDNA3.1-SARS-CoV-2-
SA19 with vector pcDNA-VSV-G that expresses spike (S)
glycoproteins of vesicular stomatitis virus (VSV) was used as
specificity control for neutralizing assays [VSV_SARS-CoV-2-
SA19(G614)]. The concentration of HIV-1 p24-Gag protein in the
cell culture supernatants was measured 48 hours after transfection
by Elecsys HIV-1 AG (Roche Diagnostic, Basel, Switzerland).

To measure the neutralization activity without ART
interference, IgG were purified from plasma using Protein A HP
SpinTrap (Sigma Aldrich-Merck, Darmstadt, Germany) and
quantified by NanoDrop spectrophotometer (Thermo Scientific).
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2-fold serial dilutions of purified IgG from IgG-positive plasma (1
to 0.008 mg/ml) were pre-incubated for 1 hour with pNL4-
3Aenv_SARS-CoV-2-SA19(G614)_Ren pseudovirus (10ng p24-
Gag per well), as previously described (32). This mixture was
then added to a monolayer of Vero E6 cells and incubated for 48
hours. Viral infection in the monolayer was quantified by
measuring Renilla luciferase activity (Renilla Luciferase Assay,
Promega, Madison, WI) in the luminometer Centro XS3 LB 960
with MikroWin 2010 software (Berthold Technologies, Baden-
Wiirttemberg, Germany).

Titers of neutralizing antibodies were calculated as 50%
inhibitory dose (NT50) which is the highest dilution of plasma
that produced 50% reduction of Renilla luciferase activity in
comparison with control by using a non-linear regression in
GraphPad Prism Software v10.1.2. (GraphPad, Inc., San
Diego, CA).

Pseudotyped SARS-CoV-2 infection assay

Direct cellular cytotoxicity (DCC) of PBMCs was determined
using Vero E6 cells infected with pNL4-3Aenv_SARS-CoV-2-SA19
(G614)_Ren virus as target, as previously described (33). Briefly,
Vero E6 cells were infected with pNL4-3Aenv_SARS-CoV-2-SA19
(G614)_Ren (100ng p24-Gag) for 48 hours and then co-cultured for
1 hour with PBMCs from the participants (ratio 1:2). Vero E6 cell
monolayer was dissociated with trypsin-EDTA (Sigma Aldrich-
Merck, Darmstadt, Germany) and caspase-3 activity in these cells
was measured by chemiluminescence using Caspase-Glo 3/7 Assay
system (Promega, Madison, WI) and a luminometer Centro XS3 LB
960 with MikroWin 2010 software (Berthold Technologies) as a
measure of PBMCs cytotoxic activity against target cells (34).
PBMCs were collected from the supernatants and analyzed by
flow cytometry to characterize the cytotoxic cells. The following
controls were used: target cells alone as negative control, target cells
infected with pseudotyped SARS-CoV-2 as basal control for viral
replication, and infected target cells co-cultured with NK cell line
NKL (CVCL_0466) during the same time that PBMCs from the
participants as positive control for viral replication and caspase-
3 activity.

HIV-1 infection assay

TZM-bl cells infected with HIV-1 wild-type strain NL4-3 for 48
hours were used as target to evaluate the DCC of PBMCs against
HIV-1. HIV-1-infected TZM-bl cells were co-cultured for 1 hour
with PBMCs (ratio 1:2). TZM-bl cell monolayer was detached with
Trypsin-EDTA and caspase-3 activity was measured by
chemiluminescence as described above. Viral replication was
determined by quantification of luciferase activity in the
monolayer using the Luciferase Assay System (Promega) in the
luminometer Centro XS3 LB 960 with MikroWin 2010 software
(Berthold Technologies). PBMCs were collected from the
supernatants and analyzed by flow cytometry to characterize the
cytotoxic cells. The following controls were used: target cells alone
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as negative control (mock cells), target cells infected with NL4-3_wt
strain as basal control for viral replication, and infected target cells
co-cultured with NKL cells during the same time that PBMCs from
the participants as controls for stimulation of caspase-3 activity and
interference with viral replication.

Characterization of cell populations by
flow cytometry

The characterization of PBMCs that were co-cultured for 1 hour
with Vero E6 and TZM-bl cell monolayers was performed by staining
with the following conjugated antibodies purchased from BD
Biosciences (San Jose, CA): CD3-PE, CD8-APC-H7, CD56-BV605,
TCRYS-FITC, and CD107a-PE-Cy7. CD107a was used as a
degranulation marker and its expression at the cell surface peaks
within 1 hour of target cell engagement (35), being afterwards actively
recycled from the cell surface (36). CD3+CD8- were assumed to be
CD4+ T cells, which included those cells with downregulated CD4
expression caused by HIV-1 infection (37). Isotype controls were
used to determine the background signal. Data acquisition was
performed with BD LSRFortessa X-20 flow cytometer (BD
Biosciences) and data analysis with FlowJo software v10.0.7 (Tree
Star Inc.). Gating strategy is shown in Supplementary Figure 1.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
software v10.1.2. (GraphPad Software Inc., San Diego, CA). Data
normality was assessed with Kolmogorov-Smirnov test. According
to non-normal distribution of data, for comparisons within the
same group in two longitudinal samples, we applied two-tailed
Wilcoxon matched-pairs signed rank test. For comparisons between
two independent groups, we performed unpaired, two-tailed,
nonparametric Mann-Whitney U test to compare between ranks.
According to data non-normality, nonparametric Spearman’s rank
correlation coefficient was calculated to evaluate the correlation
between the cytotoxic activity against target cells and viral
replication. Simple linear regression analysis was performed using
STATA 14.2 software (StataCorp LLC, College Station, TX) to
estimate 3 regression coefficient in the comparisons between all
parameters determined in PBMCs from PWH compared to healthy
donors, before and after receiving the full vaccination schedule.
Differences in breakthrough infections between PWH and healthy
donors were evaluated by chi-square test for 2x2 contingency table
using Graph Pad Prism v10.2.1. P values (p) < 0.05 were considered
statistically significant in all comparisons.

Results
Participants’ cohorts

Sociodemographic and clinical characteristics of all participants
are summarized in Table 1 and detailed for PWH in Supplementary
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Table 1. Median age was 37 years old (Interquartile range (IQR) 33—
39) in PWH and 40 years old (IQR 36-44) in healthy donors. 88%
of PWH and 50% of healthy donors were male. Most participants
(76% PWH and 81% healthy donors) were vaccinated with two
doses of Comirnaty; 16% and 12%, respectively, received Spikevax,
and 8% and 6%, respectively, received Jcovden. Median time
between doses was 23 (IQR 21-33) and 21 days (IQR 21-22) for
PWH and healthy donors, respectively. None of the participants in

TABLE 1 Sociodemographic and clinical data of the participants in
this study.

PWH Healthy
donors
Participants ‘ 25 16
Demographic characteristics
Age (years), median (IQR) 37 40 (36-44)
(33-39)
Gender (male), n (%) 22 (88) 8 (50)
Vaccination
Comirnaty (Pfizer), n (%) 19 (76) 13 (81)
Spikevax (Moderna), n (%) 4 (16) 2 (12)
Jcovden (Janssen), n (%) 2 (8) 1(6)
Time between doses (days), median (IQR) 23 21 (21-22)
(21-33)
Time from full vaccination to sample (days), 42 33 (29-37)
median (IQR) (27-50)
Clinical characteristics of HIV-1 infection
Age at HIV-1 diagnosis (years), 29 NA
median (IQR) (24-32)
Time with HIV-1 infection (years), 6 (3-13) NA
median (IQR)
CD4/CD8 ratio, median (IQR) 1.0 2.0 (1.5-2.8)
(0.7-1.3)
CD4 count (cells/millilitre), median (IQR) 775 NA
(622-
998)
CD8 count (cells/millilitre), median (IQR) 858 NA
(589-
1169)
Viral load at the time of sampling, n, (%) NA
Undetectable 23 (92)
Detectable (< 2.0 log) 2 (8)
Current ART, n (%) NA
1 INT + 2 NRTI 13 (52)
1INI + 1 NRTI 6 (24)
1 NNRTI + 2 NRTI 3(13)
1 NNRTT + 1 INI 1(4.3)
1PI 1(4.3)
(Continued)
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TABLE 1 Continued

PWH Healthy
donors

Clinical characteristics of HIV-1 infection

1 PI + 2 NRTI 1(4.3)
SARS-CoV-2 breakthrough infections, n (%) 8 (32) 8 (50)
Time from last vaccine dose to breakthrough 5.6 5.3 (0.9-5.7)
infection (months), median (IQR) (4.5-7.7)
Symptoms of COVID-19

Fever, n (%) 4 (50) 0

Cough, n (%) 4 (50) 2 (25)

Dyspnea, n (%) 3 (37.5) 0

ART, Antiretroviral treatment; INI, Integrase inhibitor; IQR, Interquartile range; NA, Not
Applicable; NRTI, Nucleoside reverse transcriptase inhibitor; NNRTI, Non-nucleoside reverse
transcriptase inhibitor; PI, Protease inhibitor.

the cohort of PWH had detectable HIV-1 viremia after receiving the
full vaccination schedule against SARS-CoV-2.

Median time of HIV-1 infection was 6 years (IQR 3-13) and
median age at diagnosis was 29 years old (IQR 24-32). Median CD4
count was 775 (IQR 622-998) cells/pl, and median CD8 count was
858 (IQR 589-1167) for PWH. Median CD4/CD8 ratio was 1.0
(IQR 0.7-1.3) for PWH and 2.0 (IQR 1.5-2.8) for healthy donors.
All PWH were on ART and the most common regimen contained
three drugs of two nucleoside reverse transcriptase inhibitors
(NRTIs) with one integrase inhibitor (INI) (52%), followed by
two-drugs combinations of one NRTI and one INI (24%). Most
PWH (92%) showed undetectable viral load at sampling.

SARS-CoV-2 breakthrough infections

All participants were followed up for 12 months after receiving
the last dose of the full vaccination schedule to record SARS-CoV-2
breakthrough infections (Table 1). Statistical significance in the
comparison between PWH and healthy donors was determined by
chi-square test (Supplementary Figure 2). Eight (32%) PWH and
eight (50%) healthy donors had breakthrough infections with
SARS-CoV-2 during this period (p=0.0097; Supplementary
Figure 2A). Clinical data of breakthrough infections are detailed
in Table 2. Only one (12.5%) participant from PWH cohort with
CD4/CDS8 of 0.68 required hospitalization due to complications of
COVID-19 (p=0.0004; Supplementary Figure 2B). Most common
symptoms during SARS-CoV-2 breakthrough infection in PWH
were fever (50%), cough (50%), and dyspnea (37.5%) (p<0.001,
p=0.0003, and p<0.0001, respectively), while healthy donors only
reported cough (25%) as main symptom (Supplementary
Figure 2B). Median time from the last vaccine dose to SARS-
CoV-2 breakthrough infection was 5.6 months (IQR 4.5-7.7) and
5.3 months (IQR 0.9-5.7), respectively. Most individuals with
breakthrough infections from both cohorts were vaccinated with
Comirnaty (87.5% for both PWH and healthy donors), which was
the vaccine most administered to the participants.
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TABLE 2 Clinical data of SARS-CoV-2 breakthrough infections and COVID-19 vaccination of all participants in this study.

Demographical

- . Thie my; SARS-CoV-2 breakthrough infection
Participant’s . . SARS-CoV-
ID L) 2 Vaccines : ; S .
Age Gender (+/-) Time from last vaccine dose to SARS-CoV-2 Hospitalization Fever Cough Dyspnea Pneumonia
(years) (M/F) diagnosis in case of infection (days) (Y/N) (Y/N)  (Y/N) (Y/N) (Y/N)
1 45 F + Comirnaty - - - - - -
2 42 M + Comirnaty 244 N Y Y Y N
3 38 M + Comirnaty 159 N Y Y N N
4 35 M + Comirnaty - - - - - -
5 40 M + Jeovden - - - - R R
6 40 M + Comirnaty - - - - - -
7 39 M + Spikevax - - - - B -
8 35 M + Comirnaty 172 N N N N N
9 39 M + Jcovden - - - - - -
10 28 M + Comirnaty - - - - - -
11 49 F + Comirnaty 125 N N N Y N
12 35 M + Comirnaty - - - - - -
13 21 M + Spikevax - - - - - -
14 32 M + Comirnaty - - - - - -
15 31 M + Comirnaty 331 N N Y N N
16 39 F + Comirnaty 162 N Y Y Y N
17 38 M + Comirnaty - - - - R R
18 38 M + Comirnaty 95 N N N N N
19 34 M + Comirnaty - - - - - -
20 35 M + Comirnaty - - - - - R
21 44 M + Comirnaty - - - - - R
2 33 M + Spikevax - : . - . .
23 37 M + Comirnaty - - - - - -
24 33 M + Comirnaty - - - - - -

(Continued)
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TABLE 2 Continued

Demographical

SARS-CoV-2 breakthrough infection

o . HIV
Participant’s data . . SARS-CoV-
D infection Ve . . —_— i
Age Gender (+/-) Time from last vaccine dose to SARS-CoV-2 Hospitalization Fever Cough Dyspnea Pneumonia
(years) (M/F) diagnosis in case of infection (days) (Y/N) (Y/N)  (Y/N) (Y/N) (Y/N)
25 27 M + Spikevax 192 Y Y N N N
26 47 M - Comirnaty - - - - - -
27 40 M - Comirnaty - - - - - _
28 35 F - Comirnaty 26 N N N N N
29 40 F - Comirnaty 5 N N N N N
30 55 F - Spikevax -
31 55 F - Spikevax - - - - - -
32 44 F - Jeovden 33 N N N N N
33 30 M - Comirnaty 158 N N Y N N
34 30 F - Comirnaty 168 N N N N N
35 36 M - Comirnaty 358 N N N N N
36 45 M - Comirnaty - - - - - -
37 39 M - Comirnaty 157 N N Y N N
38 37 F - Comirnaty - - - - - -
39 4 M - Comirnaty 172 N N N N N
40 25 F - Comirnaty - - - - - -
41 44 M - Comirnaty - - - - - -

F, Female; M, Male; N/A, not applicable; N, No; Y, Yes.
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Blood samples

The first blood sample was collected before receiving the first
vaccine dose. A basal serology against SARS-CoV-2 was performed
in this sample to identify and exclude those individuals with
previous asymptomatic COVID-19. Median time since the
participants received the full vaccination schedule and the
collection of the second blood sample was 42 (IQR 27-50) and 33
days (IQR 29-37), respectively, in PWH and healthy
donors (Table 1).

High 1gG levels against SARS-CoV-2 and
neutralizing capacity of plasma from PWH
in response to vaccination

The analysis of IgG levels against SARS-CoV-2 revealed an
excellent humoral response of PWH after receiving the full
vaccination schedule, which was comparable to healthy donors
(p<0.0001 and p=0.0002, respectively) (Figure 1A).

The neutralizing capacity of plasma isolated from PWH was
evaluated by using pseudotyped NL4-3Aenv_SARS-CoV-2-SA19
(G614)_Ren virus to infect Vero E6 as target cells, as well as
pseudotyped VSV_SARS-CoV-2-SA19(G614) virus to determine
the presence of unspecific reaction, as described previously (33).
We observed a high non-specific neutralization activity of
VSV_SARS-CoV-2-SA19(G614)_Ren virus in plasma from PWH
(Supplementary Figure 3) that has been previously related to
interference with ART based on integrase inhibitors (18). To
avoid false positive neutralization results, the neutralizing capacity
against SARS-CoV-2 was analyzed after purification of IgG from
plasma of PWH and healthy donors. The neutralizing capacity of
IgG purified from plasma of PWH was 4.7-fold higher than healthy
donors (p=0.0295) (Figure 1B).

10.3389/fimmu.2024.1362621

Enhanced cytotoxic activity against SARS-
CoV-2-infected cells in PBMCs from PWH

DCC of PBMCs from PWH against Vero E6 cells infected with
pseudotyped NL4-3Aenv_SARS-CoV-2-SA19(G614)_Ren virus
was 3.3-fold (p=0.0351) higher in the basal sample than in
PBMCs from healthy donors (Figure 2A). Accordingly, viral
replication in Vero E6 cells was reduced 2.7-fold (p=0.0110) in
the presence of PBMCs from PWH previously unexposed to SARS-
CoV-2 (Figure 2B). This difference was still significant after
receiving the full vaccination schedule (-2.6-fold; p=0.0077).
Calculation of the Spearman’s rank correlation coefficient showed
a significant negative correlation between DCC and viral replication
in SARS-CoV-2-infected target cells in the presence of PBMCs from
PWH (r=-0.5059; p=0.0479) and healthy donors (r=-0.5294;
p=0.0372) after receiving the full vaccination schedule, and before
vaccination in PBMCs from PWH (r=-0.5088; p=0.0464), but not
from healthy donors (Supplementary Figure 4).

Increased levels of CD8+ T cells and Tyo
cell populations with degranulation
capacity in PBMCs from PWH

No significant differences between PWH and healthy donors were
observed in the levels of CD4+ T cells before and after the
administration of COVID-19 vaccines (Supplementary Figure 5), but
the levels of CD8+ T cells in PBMCs from PWH were higher than
healthy donors before and after receiving the full vaccination schedule
(1.5-fold, p=0.0080 and 1.4-fold, p=0.0298, respectively) (Figure 3A, left
graph). The degranulation capacity of these cells, determined by the
expression levels of CD107a of the cell surface, was similar between
both cohorts but it was significantly higher in PWH after receiving the
full vaccination schedule (1.3-fold; p=0.0124) (Figure 3A, right graph).
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FIGURE 1

Humoral response against SARS-CoV-2 in PWH before and one month after receiving the complete vaccination schedule against COVID-19.

(A) Levels of total IgG against SARS-CoV-2 in plasma of PWH and healthy donors, before and after receiving the complete vaccination schedule.
Positive threshold (dotted line) indicates positive 1gG titers above 1.1. (B) Neutralizing capacity of purified, specific IgG in seropositive individuals one
month after receiving the complete vaccination schedule, represented as 50% inhibitory dose (NT50). Each dot corresponds to one sample and lines
represent the mean + standard error of the mean (SEM). Each symbol represents a different cohort: healthy donors (closed circles) and PWH (open
circles). Wilcoxon signed-rank test was applied to calculate the statistical significance within groups. Mann-Whitney U test was applied to calculate

the statistical significance between unpaired groups.
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FIGURE 2

Cytotoxic activity of PBMCs from PWH against SARS-CoV-2 before
and one month after receiving the complete vaccination schedule
against COVID-19. (A) Direct cellular cytotoxicity (DCC) of PBMCs
isolated from PWH and healthy donors was determined as induced
caspase-3 activity in pseudotyped SARS-CoV-2-infected Vero E6
cells measured by chemiluminescence (RLUs, Relative Light Units).
(B) Replication of pseudotyped SARS-CoV-2 in infected Vero E6
cells in the presence of PBMCs from PWH and healthy donors,
measured by luminescence as the production of Renilla (RLUs). Each
dot corresponds to one sample and lines represent the mean +
SEM. Each symbol represents a different cohort: healthy donors
(closed circles) and PWH (open circles). Target cells alone (mock
cells) were used as negative control (open triangles), target cells
infected with pseudotyped SARS-CoV-2 were used as basal control
for viral replication (closed triangles), and infected target cells co-
cultured with NKL cells were used as positive control for viral
replication and caspase-3 activity (inverted closed triangles).
Wilcoxon signed-rank test was applied to calculate the statistical
significance within groups. Mann-Whitney U test was applied to
calculate the statistical significance between unpaired groups
Statistical significances between controls and sample groups are
not shown

The levels of TYd cell populations with phenotypes CD3+CD8-
TCRYd+ and CD3+CD8+TCRYd+ were higher in the basal sample
of PBMCs from PWH than in healthy donors (1.8-fold, p=0.0393
and 2.6-fold, p=0.0088, respectively) (Figures 3B, C, left graphs).
The levels of CD8- Ty cells were still higher in PWH than in
healthy donors after receiving the full vaccination schedule (3.9-
fold; p=0.0028). Within cohorts, the levels of CD8- Ty cells did not
change after receiving the full vaccination schedule in either group,
while the levels of CD8+ T3 cells were reduced 2.0-fold (p=0.0018)
in PWH after receiving vaccination. The degranulation capacity of
TY5 cell populations was significantly higher in PBMCs from PWH
than in healthy donors, and these differences achieved statistical
significance in the comparison after receiving the full vaccination
schedule (1.8-fold, p=0.0115 and 2.0-fold, p=0.0040, respectively)
(Figures 3B, C, right graphs). In PWH, CD8+ T8 cells also showed
higher degranulation capacity than healthy donors in response to
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infected cells before vaccination (1.6-fold; p=0.0414) (Figure 3C,
right graph).

We did not find significant differences in the levels of NK and
NKT cells in PBMCs from both cohorts, before and after receiving
the full vaccination schedule, or in the expression levels of CD107a
in these cell populations (Supplementary Figure 6). The effect of
COVID-19 vaccination on the levels of CD8+ T cells and Tyd cells
expressing CD56 on the cell surface was also analyzed. After
vaccination, the levels of CD3+CD8+CD56+ cells increased 1.8-
fold (p=0.0462) in healthy donors, in comparison with PWH
(Supplementary Figure 7A, left graph). No changes in the
expression of CD56 in Ty CD8+ or CD8- cells were observed
between PWH and healthy donors (Supplementary Figures 7B, C,
left graph). In addition, the expression of CD107a increased 2.0-fold
(p=0.0142) in Tyd CD8+CD56+ from PWH, in comparison with
healthy donors, after vaccination (Supplementary Figure 7C,
right graph).

Simple linear regression analysis revealed
the presence of cellular immunity against
SARS-CoV-2 in PBMCs from PWH

before vaccination

Simple linear regression analysis was performed to estimate [3
regression coefficient in the comparisons between all parameters
involved in cellular immunity determined in PBMCs from PWH
compared to healthy donors before and after receiving the full
vaccination schedule. Before vaccination, the average difference
between DCC of PBMCs from PWH in comparison with healthy
donors was positive ($=69957.19; p=0.050), while the average
difference for SARS-CoV-2 replication from infected target cells was
negative (=-101924.30; p=0.009) (Supplementary Table 2A). In
addition, the average difference for the levels of CD8+ T cells
(B=12.4840; p=0.003), Tyd CD8+ cells (3=5.7361; p=0.043), and their
degranulation capacity (Ty0 CD8+CD107a cells) (=16.3553; p=0.021)
was also positive in the comparison between PWH and healthy donors.
These results supported the notion that PWH had cellular immunity
with capacity to eliminate SARS-CoV-2-infected cells before being
exposed to the virus or vaccine. After vaccination, the average
difference between the ability of PBMCs from PWH to eliminate
SARS-CoV-2-infected target cells in comparison with healthy donors
was still negative (3=-90834.43; p=0.004), while the average difference
for the levels of CD8+ T cells (3=10.2614; p=0.016), Tyd CD8- cells
(B=1.4706; p=0.034), and TyS CD8+CD107a cells (B=20.8745;
p=0.002) was still positive (Supplementary Table 2B).

Full vaccination against SARS-CoV-2 did
not affect the cellular immune response
against HIV-1in PWH

DCC against TZM-bl cells infected with NL4-3 wild-type strain
was evaluated in PBMCs from PWH to determine the effect of the
full vaccination schedule against SARS-CoV-2 in the immune
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Analysis of cytotoxic cell populations in PBMCs from PWH before and one month after receiving the complete vaccination schedule against COVID-
19. Levels of CD8+ T cells (A) and Tyd cell populations with phenotypes CD3+CD8-TCRyd+ (B) and CD3+CD8+TCRyd+ (C) (left graphs) in PBMCs
from PWH and healthy donors, as well as the expression of CD107a on their surface (right graphs) in response to co-culture with pseudotyped
SARS-CoV-2-infected Vero E6 cells. Each dot corresponds to one sample and lines represent the mean + SEM. Each symbol represents a different
cohort: healthy donors (closed circles) and PWH (open circles). Wilcoxon signed-rank test was applied to calculate the statistical significance within
groups. Mann-Whitney U test was applied to calculate the statistical significance between groups.

response against HIV-1. DCC response was higher against target
cells infected with HIV-1 than with pseudotyped SARS-CoV-2 (see
Figure 2A), but no significant changes in DCC against HIV-1-
infected cells were observed before and after vaccination against
SARS-CoV-2 (Figure 4A) or on the viral replication in the target
infected cells (Figure 4B). No changes were observed either in the
levels of CD8+ T cells and Tyd CD8+ or CD8- cells (Figure 4C, left
graphs) or in the expression of the degranulation marker CD107a
after vaccination in the response against HIV-1 infected target cells
(Figure 4C, right graphs). Calculation of the Spearman’s rank
correlation coefficient showed a significant negative correlation
between DCC and viral replication in HIV-1-infected target cells
in the presence of PBMCs from PWH before (r=-0.4289; p=0.0412)

Frontiers in Immunology

and after receiving the full vaccination schedule (r=-0.4444;
p=0.0383) (Supplementary Figure 8).

Discussion

PWH may be more susceptible to develop severe forms of
infectious diseases due to the damage caused by HIV-1 in the host
immune system (38, 39). However, there is still no consensus
whether SARS-CoV-2 infection has a worse outcome in PWH in
comparison with healthy population (4, 40-42), most likely because
there are several types of HIV-1 disease progression depending on
the condition of the immune system (43). It has been suggested that
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Cytotoxic activity of PBMCs from PWH against HIV-1 before and one month after receiving the complete vaccination schedule against COVID-19. (A) Direct
cellular cytotoxicity (DCC) of PBMCs isolated from PWH was determined as induced caspase-3 activity in HIV-1-infected TZM-bl cells measured by
chemiluminescence (RLUs). (B) Replication of HIV-1 in infected TZM-bl cells in the presence of PBMCs from PWH, measured by luminescence as the
production of Renilla (RLUs). (C) Levels of cytotoxic cell populations (left graphs) and the expression of CD107a on the cell surface (right graphs) in response
to co-culture with HIV-1-infected TZM-bl cells. Each dot corresponds to one sample and lines represent the mean + SEM. Target cells alone (mock cells)
were used as negative control (open triangles), target cells infected with NL4—3_wt strain were used as basal control for viral replication (closed triangles),
and infected target cells co-cultured with NKL cells were used as positive control for viral replication and caspase-3 activity (inverted closed triangles)
Wilcoxon signed-rank test was applied to calculate the statistical significance. Statistical significances between controls and sample groups are not shown.

CD4/CD8 ratio may be useful to monitor HIV-1 infection and to
improve clinical decision making. Although there is not clear
increase in the rate of COVID-19 among PWH in comparison
with the general population, low levels of CD4+ T cells have been
related to severe forms of the disease (44), and low or inverted CD4/
CD8 ratio reflects a decreased capacity to respond to SARS-CoV-2
(45). Accordingly, PWH with normal CD4/CD8 ratio should be
able to respond efficiently to vaccination against COVID-19.

Frontiers in Immunology 11

In our cohort of PWH, who were mostly male with undetectable
viremia, high levels of total IgG against the S protein of SARS-CoV-
2 were detected in plasma in response to vaccination, similar to
healthy donors, which was in accordance with previous reports (46—
50). Only two PWH with CD4 count below 200 cells/ul produced
low levels of IgG in response to vaccination, as was described
previously (47). Most (59.6%) participants in our study were
vaccinated with Comirnaty, which was the most administered
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vaccine in Spain at the time of sample collection, followed by
Spikevax (21.4%) (51). We did not find significant differences
between IgG titers elicited by Comirnaty and Spikevax. However,
IgG titers of participants vaccinated with Jcovden were barely above
the limit considered positive, in accordance with previous
studies (52).

It has been described that plasma from PWH with CD4 count
above 200 cells/ul usually presents a similar neutralizing capacity to
healthy donors (17, 32, 53-55). However, we observed a
significantly higher neutralizing capacity of IgG in plasma of
PWH than in healthy donors. This discrepancy could be related
to the unspecific response that was observed when total plasma was
analyzed to determine the neutralizing capacity instead of purified
IgG. Due to ART regimens including integrase inhibitors may cause
an unspecific neutralizing response (18), our results are likely more
accurate than others previously published in which pseudotyped
VSV SARS-CoV-2 virus was not used as control of specificity or
total plasma was analyzed.

After determining that the humoral response was effective in
PWH with normal CD4/CDS8 ratio in response to SARS-CoV-2
vaccines, the main objective of our study was to evaluate the cellular
immune response and the cell populations that were developed after
receiving the complete vaccination schedule against COVID-19.
Interestingly, before vaccination, PBMCs from PWH showed a
potent cytotoxic activity against SARS-CoV-2-infected cells that
was higher than healthy donors previously unexposed to the virus.
This cytotoxic response was efficient to control SARS-CoV-2
replication in infected target cells and it was not due to a
previous asymptomatic infection with SARS-CoV-2 as all
participants in the study were seronegative upon recruitment.
PWH present a chronic immune activation state due to HIV-1
persistence that rarely returns to normal levels even in the presence
of ART (56) and that could contribute to the effective cytotoxic
response against SARS-CoV-2 observed before vaccination. When
PBMCs from PWH that were co-cultured with SARS-CoV-2-
infected target cells were analyzed, we observed higher levels of
functional CD8+ T cells than in healthy donors before vaccination
against COVID-19 that were maintained after vaccination. Within
six months of HIV-1 seroconversion, CD8 count usually increases
about 40% while CD4 count is reduced about 30%, resulting in an
inverted CD4/CD8 ratio below 1.0 (57). The expansion of clonal
CD8+ T cells specific of HIV-1 that may invert CD4/CD8 ratio is
common in PWH, and it has also been described in response to
cytomegalovirus infection (58), tuberculosis and toxoplasmosis
(59), as well as during the immune response against SARS-CoV-
2. In the absence of a previous exposure to SARS-CoV-2, the pre-
existence of functional CD8+ T cell populations with antiviral
activity against SARS-CoV-2 cannot be ruled out as they have
been described in health workers who presented abortive,
seronegative infection at the beginning of COVID-19 pandemic
(60). These T cell populations were specific of the viral polymerase,
and they expanded and accumulated before exposure to SARS-
CoV-2, interfering with the establishment of SARS-CoV-2
infection. Other reports also described functional pre-existing
SARS-CoV-2 cross-reactive memory T cells in the general
population that were present in the organism previous to the viral
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exposure (61-67), as well as against other viruses such as influenza
(68) and hepatitis B virus (69), or even against viral vectors used
during gene therapy and immunotherapy (70-74). However, there
are no reports that pre-existing T cell responses against SARS-CoV-
2 may be present in PWH with normal CD4/CD8 ratio. In our
cohort of PWH, the level of CD8+ T cells was higher in PWH than
healthy donors before and after vaccination, which may be related
to HIV-1 persistence, but the degranulation capacity of these cells in
response to SARS-CoV-2-infected cell was similar to healthy donors
before vaccination and increased after vaccination. These results
proved that the potency of CD8-related cytotoxic response may be
enhanced in PWH in response to COVID-19 vaccination. However,
other cells were responsible for the enhanced cytotoxicity in PWH
previously unexposed to SARS-CoV-2.

Many other immune cell types have been associated with HIV-
1-induced immune activation (75). In addition to CD8+ T cells, we
observed high levels of T3 cells with degranulation capacity in
PBMCs from PWH before vaccination, both CD3+CD8-TCRYyd+
and CD3+CD8+TCRYd+ phenotypes. Tyd cells display a potent
cytotoxic activity, they have a protective role in cancer, and they are
essential in the first line response to viral infections (76, 77). Tyd
cells may be activated by stress signals from infected or tumor cells
(78). Vaccination may boost not only adaptive immunity but also
innate immunity, including Tyd cells (79), but in our cohort of
PWH the levels of these cells were high before COVID-19
vaccination. Ty cells have been found increased in PWH with
normal CD4/CD8 ratio and they may control HIV-1 replication
through several mechanisms, including DCC of infected cells (80).
In fact, ART promotes the recovery of Tyd polyfunctionality, as well
as the TCR repertoire diversity and cytotoxic activity (81). The role
of Tyd cells has also been described during SARS-CoV-2 infection,
demonstrating that the activation of these cells may lead to
inhibition of SARS-CoV-2 replication (82, 83). Consequently, this
is the first report that pre-existing TYd cells may also contribute to
protect PWH with normal CD4/CD8 ratio from other viral
pathogens such as SARS-CoV-2, even before vaccination. Both
CD8+ and CD8- Tyd cells from PWH maintained higher
degranulation capacity before and after vaccination. Although
pre-existing NK cell responses against SARS-CoV-2 in pre-
pandemic serum from PWH have also been described (84), in our
cohort NK and NKT cells appeared not to be contributing to the
increased cytotoxic activity in PWH before vaccination.

One potential limitation of this study is that the functionality of
CD4+ T cells was not determined directly, and these cells may be
altered in PWH due to the viral infection (85). However, CD4/CD8
ratio is considered the best biomarker for overall immune
functionality (59) and the median of this ratio in our cohort of
PWH was 1.0 and only three participants showed CD4 counts
below 500 cells/ul. Moreover, impaired CD4 functionality may
affect both humoral and cellular responses and causes
immunosuppression (86), but all participants in our cohort of
PWH developed specific IgG against SARS-CoV-2 after
vaccination and their PBMCs showed functional cytotoxic activity
with capacity to reduce viral replication from SARS-CoV-2-infected
cells, even those from individuals with low CD4 counts. These
results are in accordance with Bessen et al. (87) who describe that
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low CD4 counts do not necessarily interfere with CD4 functionality
and optimum cellular immune responses. In addition, none of the
participants in our cohort of PWH presented opportunistic
infections, which proved that their immune system was
competent, and consequently, that their CD4+ T cells were not
dysfunctional. On the other hand, we mostly recruited male
participants for this study due to in Spain the incidence ratio of
men to women is approximately 5 and only one of every 10 new
cases is a woman (88). Finally, the immunity against SARS-CoV-2
developed by Comirnaty, Spikevax, and Jcovden vaccines may be
different to other vaccines that are currently available.

In conclusion, we determined that PWH with normal CD4/
CD8 ratio showed an excellent humoral response to COVID-19
vaccination based on high levels of IgG against SARS-CoV-2 S
protein with enhanced neutralizing capacity in comparison with
healthy donors. The full vaccination schedule induced a higher
degranulation capacity in response to SARS-CoV-2 infected cells in
CD8+ T cells from PWH but not from healthy donors. In addition,
we observed a potent cytotoxic activity against SARS-CoV-2 before
vaccination in PWH that was supported by high levels of pre-
existing highly cytotoxic Tyd CD8+ or CD8- cells with
degranulation capacity. This precedent cellular immunity could
be related to the low incidence of mild SARS-CoV-2 breakthrough
infections in our cohort of PWH that was significantly lower than
healthy donors, although PWH showed more symptoms during
COVID-19, likely due to the detrimental effects of HIV-1
persistence on the immune response. Therefore, the
monitorization of PWH is necessary to evaluate possible changes
over time in the protective immunity against SARS-CoV-2 caused
by the sustained immune activation. More studies will be necessary
to determine the presence of these pre-existing cytotoxic cells in
PWH with unfavorable CD4/CD8 ratio or its persistence over time.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Ethics
Committees of Instituto de Salud Carlos III (IRB IORG0006384).
The studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

GC-F: Formal Analysis, Investigation, Methodology, Writing -
original draft, Writing - review & editing. JC: Formal Analysis,
Investigation, Resources, Writing — review & editing, Methodology.

Frontiers in Immunology

13

10.3389/fimmu.2024.1362621

LN: Formal Analysis, Methodology, Writing - review & editing.
FR-M: Investigation, Methodology, Writing — review & editing. MM:
Methodology, Resources, Writing - review & editing.
CS-M: Investigation, Methodology, Writing - review & editing. DF:
Data curation, Formal analysis, Methodology, Validation, Writing -
original draft, Writing - review & editing. EM: Investigation,
Methodology, Writing — review & editing. MAM-A: Methodology,
Resources, Writing - review & editing. MP-O: Investigation,
Methodology, Writing — review & editing. MiC: Formal Analysis,
Methodology, Writing — review & editing. MT: Data curation, Formal
Analysis, Investigation, Methodology, Writing — review & editing.
RR-S: Data curation, Funding acquisition, Investigation, Resources,
Writing - review & edjting. MaC: Conceptualization, Data curation,
Formal Analysis, Funding acquisition, Supervision, Validation,
Writing — original draft, Writing — review & editing, Methodology.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by grant 1.013.022 funded by Universidad Alfonso X
El sabio (Madrid, Spain); grant PI22CIII/00059 funded by the
Strategic Action in Health of the Instituto de Salud Carlos III
(ISCIII) and CIBERINFEC, co-financed by the European Regional
Development Fund (ERDF) “A way to make Europe”; and by grants
PID2019-110275RB-100 and PID2022-1413170B-100 funded by
the Spanish Ministry of Science and Innovation, MICIU/AEI/
10.13039/501100011033, ERDF, and EU. The work of GC-F is
funded by the Consejeria de Educacion, Universidades, Ciencia y
Portavocia of the Comunidad de Madrid (Spain). The work of FR-
M is financed by the Spanish Ministry of Science and Innovation
(PID2019-110275RB-100). The work of MMa is supported by a pre-
doctoral grant from Instituto de Salud Carlos IIT (ISCIII-PFIS
FI20CII1/00021). The work of CS-M is financed by Programa
Investigo, FIBio HRC-IRYCIS, co-financed by FEDER. The work
of MT is financed by CIBERINFEC (CB21/13/00015).

Acknowledgments

We greatly appreciate all the participants for their contribution to
this study. We thank Dr Javier Garcia Pérez (AIDS Immunopathology
Unit, National Center of Microbiology, Instituto de Salud Carlos III,
Madrid, Spain) for his help and advice in the serology analysis. We also
thank the following workers of the Primary Healthcare Center Doctor
Pedro Lain Entralgo (Madrid, Spain) for their contribution to this
study: Susana Dominguez Mateos, Sandra Pérez Santos, Esther Alonso
Herrador, Marta Pinedo Hoyos, Maria Angélica Fajardo Alcantara,
Ana Tejera Nevado, Teresa Mazarro Enrique, Lara Fernandez Pedreira,
Cristina Irala Perez, Marina Roser Pérez, Pablo Hipolito Walker
Fernandez, Sergio Serrano De Pablo, Lucia Gonzalez Sanchez, Maria
Mercedes Gea Martinez, Lorena Cordova Castafio, Laura Aguirre
Martinez, Mercedes Montes Garcia, Angela Pérez San Juan, Angeles
Escudero Toston, Miguel Lopez Murciano.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1362621
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Casado-Fernandez et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Okoye AA, Picker L]. CD 4 * T-cell depletion in HIV infection: mechanisms of
immunological failure. Immunol Rev. (2013) 254:54-64. doi: 10.1111/imr.12066

2. Hocqueloux L, Avettand-Fénoél V, Jacquot S, Prazuck T, Legac E, Mélard A, et al.
Long-term antiretroviral therapy initiated during primary HIV-1 infection is key to
achieving both low HIV reservoirs and normal T cell counts. J Antimicrob Chemother.
(2013) 68:1169-78. doi: 10.1093/jac/dks533

3. Mellors JW, Rinaldo CR, Gupta P, White RM, Todd JA, Kingsley LA. Prognosis in
HIV-1 infection predicted by the quantity of virus in plasma. Science. (1996) 272:1167-
70. doi: 10.1126/science.272.5265.1167

4. Serrano-Villar S, Sainz T, Lee SA, Hunt PW, Sinclair E, Shacklett BL, et al. HIV-
infected individuals with low CD4/CD8 ratio despite effective antiretroviral therapy
exhibit altered T cell subsets, heightened CD8+ T cell activation, and increased risk of
non-AIDS morbidity and mortality. PloS Pathog. (2014) 10:e1004078. doi: 10.1371/
journal.ppat.1004078

5. Bhatt B, Jindal H, Sk S, Malik JS, Sangwan K, Resident J. Vaccination in HIV
positive adults: Need to address. Hum Vaccines Immunother. (2014) 10:3011-2.
doi: 10.4161/21645515.2014.971645

6. CDC. Centers for Disease Control and Prevention. How can people with HIV
protect themselves from COVID-19 . Available online at: https://www.cdc.gov/hiv/
basics/covid-19.html (Accessed 4 October 2023).

7. Available online at: https://www.sanidad.gob.es/areas/promocionPrevencion/
vacunaciones/calendario-y-coberturas/docs/CalendarioVacunacion_GRadultos.pdf.

8. De Zuani M, Laznickova P, Tomaskova V, Dvoncova M, Forte G, Stokin GB, et al.
High CD4-to-CD8 ratio identifies an at-risk population susceptible to lethal COVID-
19. Scand J Immunol. (2022) 95:e13125. doi: 10.1111/sji.13125

9. Duffau P, Ozanne A, Bonnet F, Lazaro E, Cazanave C, Blanco P, et al.
Multimorbidity, age-related comorbidities and mortality: association of activation,
senescence and inflammation markers in HIV adults. AIDS. (2018) 32:1651-60.
doi: 10.1097/QAD.0000000000001875

10. Pallotto C, Suardi LR, Esperti S, Tarquini R, Grifoni E, Meini S, et al. Increased
CD4/CD8 ratio as a risk factor for critical illness in coronavirus disease 2019 (COVID-
19): a retrospective multicentre study. Infect Dis. (2020) 52:675-7. doi: 10.1080/
23744235.2020.1778178

11. Zhou Q, Liu Y, Zeng F, Meng Y, Liu H, Deng G. Correlation between CD4 T-cell
counts and seroconversion among COVID-19 vaccinated patients with HIV: A meta-
analysis. Vaccines. (2023) 11:789. doi: 10.3390/vaccines11040789

12. Diez C, Del Romero-Raposo ], Mican R, Lopez JC, Blanco JR, Calzado S, et al.
COVID-19 in hospitalized HIV-positive and HIV-negative patients: A matched study.
HIV Med. (2021) 22:867-76. doi: 10.1111/hiv.13145

13. Karmen-Tuohy S, Carlucci PM, Zervou FN, Zacharioudakis IM, Rebick G, Klein
E, et al. Outcomes among HIV-positive patients hospitalized with COVID-19. JAIDS |
Acquir Immune Defic Syndr. (2020) 85:6-10. doi: 10.1097/QAI.0000000000002423

14. Barbera LK, Kamis KF, Rowan SE, Davis AJ, Carlson JJ, Johnson SC, et al. HIV
and COVID-19: review of clinical course and outcomes. Clin Pract. (2021) 22(4):102—
18. doi: 10.1080/25787489.2021.1975608

15. Kang L, Shang W, Gao P, Wang Y, Liu J, Liu M. Immunogenicity and safety of
COVID-19 vaccines among people living with HIV: A systematic review and meta-
analysis. Vaccines. (2022) 10:1569. doi: 10.3390/vaccines10091569

16. Antinori A, Cicalini S, Meschi S, Bordoni V, Lorenzini P, Vergori A, et al.
Humoral and cellular immune response elicited by mRNA vaccination against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in people living with human
immunodeficiency virus receiving antiretroviral therapy based on current CD4 T-
lymphocyte count. Clin Infect Dis. (2022) 75:552-€63. doi: 10.1093/cid/ciac238

17. Brumme ZL, Mwimanzi F, Lapointe HR, Cheung PK, Sang Y, Duncan MC, et al.
Humoral immune responses to COVID-19 vaccination in people living with HIV

Frontiers in Immunology

14

10.3389/fimmu.2024.1362621

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1362621/full#supplementary-material

receiving suppressive antiretroviral therapy. NPJ Vaccines. (2022) 7:28. doi: 10.1038/
541541-022-00452-6

18. De La Torre-Tarazona E, Gonzalez-Robles A, Cascajero A, Jiménez P, Miro JM,
Sanchez-Palomino S, et al. Treatment with integrase inhibitors alters SARS-CoV-2
neutralization levels measured with HIV-based pseudotypes in people living with HIV.
] Med Virol. (2023) 95:¢28543. doi: 10.1002/jmv.28543

19. Pascual-Dapena A, Chillaron JJ, Llauradé G, Arnau-Barres I, Flores J, Lopez-
Montesinos I, et al. Individuals with higher CD4/CD8 ratio exhibit increased risk of
acute respiratory distress syndrome and in-hospital mortality during acute SARS-coV-
2 infection. Front Med. (2022) 9:924267. doi: 10.3389/fmed.2022.924267

20. Notarbartolo S, Ranzani V, Bandera A, Gruarin P, Bevilacqua V, Putignano AR,
et al. Integrated longitudinal immunophenotypic, transcriptional, and repertoire
analyses delineate immune responses in patients with COVID-19. Sci Immunol.
(2021) 6:eabg5021. doi: 10.1126/sciimmunol.abg5021

21. Bergamaschi L, Mescia F, Turner L, Hanson AL, Kotagiri P, Dunmore BJ, et al.
Longitudinal analysis reveals that delayed bystander CD8+ T cell activation and early
immune pathology distinguish severe COVID-19 from mild disease. Immunity. (2021)
54:1257-1275.€8. doi: 10.1016/j.immuni.2021.05.010

22. Gulzar N, Copeland K. CD8+ T-cells: function and response to HIV infection.
Curr HIV Res. (2004) 2:23-37. doi: 10.2174/1570162043485077

23. Robbins SH, Bessou G, Cornillon A, Zucchini N, Rupp B, Ruzsics Z, et al.
Natural killer cells promote early CD8 T cell responses against cytomegalovirus. PloS
Pathog. (2007) 3:e123. doi: 10.1371/journal.ppat.0030123

24. Zafarani A, Razizadeh MH, Pashangzadeh S, Amirzargar MR, Taghavi-
Farahabadi M, Mahmoudi M. Natural killer cells in COVID-19: from infection, to
vaccination and therapy. Future Virol. (2023) 18:177-91. doi: 10.2217/fv1-2022-0040

25. Lawand M, Déchanet-Merville J, Dieu-Nosjean MC. Key features of gamma-
delta T-cell subsets in human diseases and their immunotherapeutic implications.
Front Immunol. (2017) 8:761. doi: 10.3389/fimmu.2017.00761

26. Park JH, Lee HK. Function of ¥§ T cells in tumor immunology and their
application to cancer therapy. Exp Mol Med. (2021) 53:318-27. doi: 10.1038/512276-
021-00576-0

27. LiZ,LiW, LiN, Jiao Y, Chen D, Cui L, et al. y3 T cells are involved in acute HIV
infection and associated with AIDS progression. PloS One. (2014) 9:e106064.
doi: 10.1371/journal.pone.0106064

28. Wang L, Li ], Jiang S, Li Y, Guo R, Chen Y, et al. COVID-19 vaccination
influences subtypes of ¥3-T cells during pregnancy. Front Immunol. (2022) 13:900556.
doi: 10.3389/fimmu.2022.900556

29. Marrugat J, Vila ], Pavesi M, Sanz F. [Estimation of the sample size in clinical and
epidemiological investigations]. Med Clin (Barc). (1998) 111:267-76.

30. Garcia-Perez ], Sanchez-Palomino S, Perez-Olmeda M, Fernandez B, Alcami J. A new
strategy based on recombinant viruses as a tool for assessing drug susceptibility of human
immunodeficiency virus type 1. ] Med Virol. (2007) 79:127-37. doi: 10.1002/jmv.20770

31. Ou X, Liu Y, Lei X, Li P, Mi D, Ren L, et al. Characterization of spike
glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity with
SARS-CoV. Nat Commun. (2020) 11:1620. doi: 10.1038/s41467-020-15562-9

32. Borobia AM, Carcas AJ, Pérez-Olmeda M, Castafio L, Bertran MJ, Garcia-Pérez
J, et al. Immunogenicity and reactogenicity of BNT162b2 booster in ChAdOx1-S-
primed participants (CombiVacS): a multicentre, open-label, randomised, controlled,
phase 2 trial. Lancet Lond Engl. (2021) 398:121-30. doi: 10.1016/S0140-6736(21)
01420-3

33. Torres M, Casado G, Vigon L, Rodriguez-Mora S, Mateos E, Ramos-Martin F,
et al. Changes in the immune response against SARS-CoV-2 in individuals with severe
COVID-19 treated with high dose of vitamin D. BioMed Pharmacother Biomedecine
Pharmacother. (2022) 150:112965. doi: 10.1016/j.biopha.2022.112965

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1362621/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1362621/full#supplementary-material
https://doi.org/10.1111/imr.12066
https://doi.org/10.1093/jac/dks533
https://doi.org/10.1126/science.272.5265.1167
https://doi.org/10.1371/journal.ppat.1004078
https://doi.org/10.1371/journal.ppat.1004078
https://doi.org/10.4161/21645515.2014.971645
https://www.cdc.gov/hiv/basics/covid-19.html
https://www.cdc.gov/hiv/basics/covid-19.html
https://www.sanidad.gob.es/areas/promocionPrevencion/vacunaciones/calendario-y-coberturas/docs/CalendarioVacunacion_GRadultos.pdf
https://www.sanidad.gob.es/areas/promocionPrevencion/vacunaciones/calendario-y-coberturas/docs/CalendarioVacunacion_GRadultos.pdf
https://doi.org/10.1111/sji.13125
https://doi.org/10.1097/QAD.0000000000001875
https://doi.org/10.1080/23744235.2020.1778178
https://doi.org/10.1080/23744235.2020.1778178
https://doi.org/10.3390/vaccines11040789
https://doi.org/10.1111/hiv.13145
https://doi.org/10.1097/QAI.0000000000002423
https://doi.org/10.1080/25787489.2021.1975608
https://doi.org/10.3390/vaccines10091569
https://doi.org/10.1093/cid/ciac238
https://doi.org/10.1038/s41541-022-00452-6
https://doi.org/10.1038/s41541-022-00452-6
https://doi.org/10.1002/jmv.28543
https://doi.org/10.3389/fmed.2022.924267
https://doi.org/10.1126/sciimmunol.abg5021
https://doi.org/10.1016/j.immuni.2021.05.010
https://doi.org/10.2174/1570162043485077
https://doi.org/10.1371/journal.ppat.0030123
https://doi.org/10.2217/fvl-2022-0040
https://doi.org/10.3389/fimmu.2017.00761
https://doi.org/10.1038/s12276-021-00576-0
https://doi.org/10.1038/s12276-021-00576-0
https://doi.org/10.1371/journal.pone.0106064
https://doi.org/10.3389/fimmu.2022.900556
https://doi.org/10.1002/jmv.20770
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1016/S0140-6736(21)01420-3
https://doi.org/10.1016/S0140-6736(21)01420-3
https://doi.org/10.1016/j.biopha.2022.112965
https://doi.org/10.3389/fimmu.2024.1362621
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Casado-Fernandez et al.

34. Jerome KR, Sloan DD, Aubert M. Measurement of CTL-induced cytotoxicity:
The caspase 3 assay. Apoptosis. (2003) 8:563-71. doi: 10.1023/A:1026123223387

35. Bryceson YT, March ME, Barber DF, Ljunggren HG, Long EO. Cytolytic granule
polarization and degranulation controlled by different receptors in resting NK cells. J
Exp Med. (2005) 202:1001-12. doi: 10.1084/jem.20051143

36. Liu D, Bryceson YT, Meckel T, Vasiliver-Shamis G, Dustin ML, Long EO.
Integrin-dependent organization and bidirectional vesicular traffic at cytotoxic immune
synapses. Immunity. (2009) 31:99-109. doi: 10.1016/j.immuni.2009.05.009

37. Moron-Lopez S, Puertas MC, Galvez C, Navarro J, Carrasco A, Esteve M, et al.
Sensitive quantification of the HIV-1 reservoir in gut-associated lymphoid tissue. PloS
One. (2017) 12:¢0175899. doi: 10.1371/journal.pone.0175899

38. Smith CJ, Ryom L, Weber R, Morlat P, Pradier C, Reiss P, et al. Trends in
underlying causes of death in people with HIV from 1999 to 2011 (D: A: D): a
multicohort collaboration. Lancet. (2014) 384:241-8. doi: 10.1016/S0140-6736(14)
60604-8

39. SeyedAlinaghi S, Karimi A, Barzegary A, Mojdeganlou H, Vahedi F, Mirghaderi
SP, et al. COVID-19 mortality in patients with immunodeficiency and its predictors: a
systematic review. Eur ] Med Res. (2022) 27:195. doi: 10.1186/s40001-022-00824-7

40. Vizcarra P, Pérez-Elias MJ, Quereda C, Moreno A, Vivancos MJ, Dronda F, et al.
Description of COVID-19 in HIV-infected individuals: a single-centre, prospective
cohort. Lancet HIV. (2020) 7:¢554-64. doi: 10.1016/52352-3018(20)30164-8

41. Cabello A, Zamarro B, Nistal S, Victor V, Hernandez ], Prieto-Pérez L, et al.
COVID-19 in people living with HIV: A multicenter case-series study. Int J Infect Dis
IJID Off Publ Int Soc Infect Dis. (2021) 102:310-5. doi: 10.1016/j.ijid.2020.10.060

42. Western Cape Department of Health in collaboration with the National Institute
for Communicable Diseases, South Africa. Risk factors for coronavirus disease 2019
(COVID-19) death in a population cohort study from the Western Cape Province,
South Africa. Clin Infect Dis Off Publ Infect Dis Soc Am. (2021) 73:¢2005-15.
doi: 10.1093/cid/ciaal198

43. Ambrosioni ], Blanco JL, Reyes-Uruefia JM, Davies MA, Sued O, Marcos MA,
et al. Overview of SARS-CoV-2 infection in adults living with HIV. Lancet HIV. (2021)
8:€294-305. doi: 10.1016/52352-3018(21)00070-9

44, Hoffmann C, Casado JL, Hirter G, Vizcarra P, Moreno A, Cattaneo D, et al.
Immune deficiency is a risk factor for severe COVID-19 in people living with HIV. HIV
Med. (2021) 22:372-8. doi: 10.1111/hiv.13037

45. Alrubayyi A, Touizer E, Hameiri-Bowen D, Charlton B, Gea-Mallorqui E,
Hussain N, et al. Natural killer cell responses during SARS-CoV-2 infection and
vaccination in people living with HIV-1. Sci Rep. (2023) 13:18994. doi: 10.1038/s41598-
023-45412-9

46. Oyaert M, De Scheerder MA, Van Herrewege S, Laureys G, Van Assche S,
Cambron M, et al. Evaluation of humoral and cellular responses in SARS-coV-2 mRNA
vaccinated immunocompromised patients. Front Immunol. (2022) 13:858399.
doi: 10.3389/fimmu.2022.858399

47. Benet S, Blanch-Lombarte O, Ainsua-Enrich E, Pedrefio-Lopez N, Mufoz-
Basagoiti ], Raich-Regué D, et al. Limited humoral and specific T-cell responses after
SARS-coV-2 vaccination in PWH with poor immune reconstitution. J Infect Dis. (2022)
226:1913-23. doi: 10.1093/infdis/jiac406

48. Frater J, Ewer KJ, Ogbe A, Pace M, Adele S, Adland E, et al. Safety and
immunogenicity of the ChAdOx1 nCoV-19 (AZD1222) vaccine against SARS-CoV-2
in HIV infection: a single-arm substudy of a phase 2/3 clinical trial. Lancet HIV. (2021)
8:¢474-85. doi: 10.1016/S2352-3018(21)00103-X

49. Ruddy JA, Boyarsky BJ, Werbel WA, Bailey JR, Karaba AH, Garonzik-Wang JM,
et al. Safety and antibody response to the first dose of severe acute respiratory syndrome
coronavirus 2 messenger RNA vaccine in persons with HIV. AIDS. (2021) 35:1872-4.
doi: 10.1097/QAD.0000000000002945

50. Nault L, Marchitto L, Goyette G, Tremblay-Sher D, Fortin C, Martel-Laferriére
V, et al. Covid-19 vaccine immunogenicity in people living with HIV-1. Vaccine. (2022)
40:3633-7. doi: 10.1016/j.vaccine.2022.04.090

51. COVID-19 Vaccine Tracker | European Centre for Disease Prevention and
Control. Available online at: https://vaccinetracker.ecdc.europa.eu/public/extensions/
COVID-19/vaccine-tracker. html#distribution-tab (Accessed 4 October 2023).

52. Padhiar NH, Liu JB, Wang X, Wang XL, Bodnar BH, Khan S, et al. Comparison
of BNT162b2-, mRNA-1273- and Ad26.COV2.S-Elicited IgG and Neutralizing Titers
against SARS-CoV-2 and Its Variants. Vaccines. (2022) 10:858. doi: 10.3390/
vaccines10060858

53. Levy I, Wieder-Finesod A, Litchevsky V, Biber A, Indenbaum V, Olmer L, et al.
Immunogenicity and safety of the BNT162b2 mRNA COVID-19 vaccine in people living
with HIV-1. Clin Microbiol Infect. (2021) 27:1851-5. doi: 10.1016/j.cmi.2021.07.031

54. Milano E, Ricciardi A, Casciaro R, Pallara E, De Vita E, Bavaro DF, et al.
Immunogenicity and safety of the BNT162b2 COVID-19 mRNA vaccine in PLWH: A
monocentric study in Bari, Italy. ] Med Virol. (2022) 94:2230-6. doi: 10.1002/jmv.27629

55. Lombardi A, Butta GM, Donnici L, Bozzi G, Oggioni M, Bono P, et al. Anti-spike
antibodies and neutralising antibody activity in people living with HIV vaccinated with
COVID-19 mRNA-1273 vaccine: a prospective single-centre cohort study. Lancet Reg
Health Eur. 13:100287. doi: 10.1016/j.lanepe.2021.100287

56. d’Ettorre G, Paiardini M, Ceccarelli G, Silvestri G, Vullo V. HIV-associated
immune activation: from bench to bedside. AIDS Res Hum Retroviruses. (2011) 27:355—
64. doi: 10.1089/aid.2010.0342

Frontiers in Immunology

15

10.3389/fimmu.2024.1362621

57. Stein DS, Korvick JA, Vermund SH. CD4+ Lymphocyte cell enumeration for
prediction of clinical course of human immunodeficiency virus disease: A review. J
Infect Dis. (1992) 165:352-63. doi: 10.1093/infdis/165.2.352

58. Hadrup SR, Strindhall J, Kellgaard T, Seremet T, Johansson B, Pawelec G, et al.
Longitudinal studies of clonally expanded CD8 T cells reveal a repertoire shrinkage
predicting mortality and an increased number of dysfunctional cytomegalovirus-
specific T cells in the very elderly. J Immunol. (2006) 176:2645-53. doi: 10.4049/
jimmunol.176.4.2645

59. McBride JA, Striker R. Imbalance in the game of T cells: What can the CD4/CD8
T-cell ratio tell us about HIV and health? PloS Pathog. (2017) 13:e1006624.
doi: 10.1371/journal.ppat.1006624

60. Swadling L, Diniz MO, Schmidt NM, Amin OE, Chandran A, Shaw E, et al. Pre-
existing polymerase-specific T cells expand in abortive seronegative SARS-CoV-2.
Nature. (2022) 601:110-7. doi: 10.1038/s41586-021-04186-8

61. Humbert M, Olofsson A, Wullimann D, Niessl J, Hodcroft EB, Cai C, et al.
Functional SARS-CoV-2 cross-reactive CD4 * T cells established in early childhood
decline with age. Proc Natl Acad Sci. (2023) 120:€2220320120. doi: 10.1073/
pnas.2220320120

62. Mateus J, Grifoni A, Tarke A, Sidney J, Ramirez SI, Dan JM, et al. Selective and
cross-reactive SARS-CoV-2 T cell epitopes in unexposed humans. Science. (2020)
370:89-94. doi: 10.1126/science.abd3871

63. Tan CCS, Owen CJ, Tham CYL, Bertoletti A, Van Dorp L, Balloux F. Pre-
existing T cell-mediated cross-reactivity to SARS-CoV-2 cannot solely be explained by
prior exposure to endemic human coronaviruses. Infect Genet Evol. (2021) 95:105075.
doi: 10.1016/j.meegid.2021.105075

64. Casado JL, Vizcarra P, Haemmerle ], Velasco H, Martin-Hondarza A, Rodriguez-
Dominguez MJ, et al. Pre-existing T cell immunity determines the frequency and
magnitude of cellular immune response to two doses of mRNA vaccine against SARS-
CoV-2. Vaccine X. (2022) 11:100165. doi: 10.1016/j.jvacx.2022.100165

65. Sette A, Crotty S. Pre-existing immunity to SARS-CoV-2: the knowns and
unknowns. Nat Rev Immunol. (2020) 20:457-8. doi: 10.1038/s41577-020-0389-z

66. Echeverria G, Guevara A, Coloma J, Ruiz AM, Vasquez MM, Tejera E, et al. Pre-
existing T-cell immunity to SARS-CoV-2 in unexposed healthy controls in Ecuador, as
detected with a COVID-19 Interferon-Gamma Release Assay. Int ] Infect Dis. (2021)
105:21-5. doi: 10.1016/j.ijid.2021.02.034

67. Yi X, Wang Y, Li Q, Li X, Zhang P, Fu X, et al. Pre-existing immunity to SARS-
CoV-2 associates with strong T cell responses induced by inactivated COVID-19
vaccines. | Med Virol. (2023) 95:€28642. doi: 10.1002/jmv.28642

68. Wild K, Smits M, Killmer S, Strohmeier S, Neumann-Haefelin C, Bengsch B,
et al. Pre-existing immunity and vaccine history determine hemagglutinin-specific CD4
T cell and IgG response following seasonal influenza vaccination. Nat Commun. (2021)
12:6720. doi: 10.1038/s41467-021-27064-3

69. Elias G, Meysman P, Bartholomeus E, De Neuter N, Keersmaekers N, Suls A,
et al. Preexisting memory CD4 T cells in naive individuals confer robust immunity
upon hepatitis B vaccination. eLife. (2022) 11:¢68388. doi: 10.7554/eLife.68388

70. Fausther-Bovendo H, Kobinger GP. Pre-existing immunity against Ad vectors:
Humoral, cellular, and innate response, what’s important? Hum Vaccines Immunother.
(2014) 10:2875-84. doi: 10.4161/hv.29594

71. Mortensen REJ, Holmstrém MO, Lisle TL, Hasselby JP, Willemoe GL, Met 0,
et al. Pre-existing TGF-B-specific T-cell immunity in patients with pancreatic cancer
predicts survival after checkpoint inhibitors combined with radiotherapy. J
Immunother Cancer. (2023) 11:¢006432. doi: 10.1136/jitc-2022-006432

72. Groeneveldt C, Van Den Ende J, Van Montfoort N. Preexisting immunity:
Barrier or bridge to effective oncolytic virus therapy? Cytokine Growth Factor Rev.
(2023) 70:1-12. doi: 10.1016/j.cytogfr.2023.01.002

73. Tahtinen S, Feola S, Capasso C, Laustio N, Groeneveldt C, Ylosmiki EO, et al.
Exploiting preexisting immunity to enhance oncolytic cancer immunotherapy. Cancer
Res. (2020) 80:2575-85. doi: 10.1158/0008-5472.CAN-19-2062

74. Long BR, Sandza K, Holcomb J, Crockett L, Hayes GM, Arens J, et al. The impact
of pre-existing immunity on the non-clinical pharmacodynamics of AAV5-based gene
therapy. Mol Ther - Methods Clin Dev. (2019) 13:440-52. doi: 10.1016/
j.omtm.2019.03.006

75. Moir S, Chun T-W, Fauci AS. Pathogenic mechanisms of HIV disease. Annu Rev
Pathol. (2011) 6:223-48. doi: 10.1146/annurev-pathol-011110-130254

76. Silva-Santos B, Serre K, Norell H. ¥d T cells in cancer. Nat Rev Immunol. (2015)
15:683-91. doi: 10.1038/nri3904

77. Caron J, Ridgley LA, Bodman-Smith M. How to train your dragon: Harnessing
gamma delta T cells antiviral functions and trained immunity in a pandemic era. Front
Immunol. (2021) 12:666983. doi: 10.3389/fimmu.2021.666983

78. Von Massow G, Oh S, Lam A, Gustafsson K. Gamma delta T cells and their
involvement in COVID-19 virus infections. Front Immunol. (2021) 12:741218.
doi: 10.3389/fimmu.2021.741218

79. Dantzler KW, de la Parte L, Jagannathan P. Emerging role of yd T cells in
vaccine-mediated protection from infectious diseases. Clin Transl Immunol. (2019) 8:
€1072. doi: 10.1002/cti2.1072

80. Fausther-Bovendo H, Wauquier N, Cherfils-Vicini J, Cremer I, Debre P,
Vieillard V. NKG2C is a major triggering receptor involved in the V[delta]l T cell-

frontiersin.org


https://doi.org/10.1023/A:1026123223387
https://doi.org/10.1084/jem.20051143
https://doi.org/10.1016/j.immuni.2009.05.009
https://doi.org/10.1371/journal.pone.0175899
https://doi.org/10.1016/S0140-6736(14)60604-8
https://doi.org/10.1016/S0140-6736(14)60604-8
https://doi.org/10.1186/s40001-022-00824-7
https://doi.org/10.1016/S2352-3018(20)30164-8
https://doi.org/10.1016/j.ijid.2020.10.060
https://doi.org/10.1093/cid/ciaa1198
https://doi.org/10.1016/S2352-3018(21)00070-9
https://doi.org/10.1111/hiv.13037
https://doi.org/10.1038/s41598-023-45412-9
https://doi.org/10.1038/s41598-023-45412-9
https://doi.org/10.3389/fimmu.2022.858399
https://doi.org/10.1093/infdis/jiac406
https://doi.org/10.1016/S2352-3018(21)00103-X
https://doi.org/10.1097/QAD.0000000000002945
https://doi.org/10.1016/j.vaccine.2022.04.090
https://vaccinetracker.ecdc.europa.eu/public/extensions/COVID-19/vaccine-tracker.html#distribution-tab
https://vaccinetracker.ecdc.europa.eu/public/extensions/COVID-19/vaccine-tracker.html#distribution-tab
https://doi.org/10.3390/vaccines10060858
https://doi.org/10.3390/vaccines10060858
https://doi.org/10.1016/j.cmi.2021.07.031
https://doi.org/10.1002/jmv.27629
https://doi.org/10.1016/j.lanepe.2021.100287
https://doi.org/10.1089/aid.2010.0342
https://doi.org/10.1093/infdis/165.2.352
https://doi.org/10.4049/jimmunol.176.4.2645
https://doi.org/10.4049/jimmunol.176.4.2645
https://doi.org/10.1371/journal.ppat.1006624
https://doi.org/10.1038/s41586-021-04186-8
https://doi.org/10.1073/pnas.2220320120
https://doi.org/10.1073/pnas.2220320120
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1016/j.meegid.2021.105075
https://doi.org/10.1016/j.jvacx.2022.100165
https://doi.org/10.1038/s41577-020-0389-z
https://doi.org/10.1016/j.ijid.2021.02.034
https://doi.org/10.1002/jmv.28642
https://doi.org/10.1038/s41467-021-27064-3
https://doi.org/10.7554/eLife.68388
https://doi.org/10.4161/hv.29594
https://doi.org/10.1136/jitc-2022-006432
https://doi.org/10.1016/j.cytogfr.2023.01.002
https://doi.org/10.1158/0008-5472.CAN-19-2062
https://doi.org/10.1016/j.omtm.2019.03.006
https://doi.org/10.1016/j.omtm.2019.03.006
https://doi.org/10.1146/annurev-pathol-011110-130254
https://doi.org/10.1038/nri3904
https://doi.org/10.3389/fimmu.2021.666983
https://doi.org/10.3389/fimmu.2021.741218
https://doi.org/10.1002/cti2.1072
https://doi.org/10.3389/fimmu.2024.1362621
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Casado-Fernandez et al.

mediated cytotoxicity against HIV-infected CD4 T cells. AIDS Lond Engl. (2008)
22:217-26. doi: 10.1097/QAD.0b013e3282f46e7¢

81. Clohosey ML, Mann BT, Ryan PL, Apanasovich TV, Maggirwar SB, Pennington
DJ, et al. Comparable V&2 cell functional characteristics in virally suppressed people
living with HIV and uninfected individuals. Cells. (2020) 9:2568. doi: 10.3390/
cells9122568

82. Odak I, Barros-Martins ], Bosnjak B, Stahl K, David S, Wiesner O, et al.
Reappearance of effector T cells is associated with recovery from COVID-19.
EBioMedicine. (2020) 57:102885. doi: 10.1016/j.ebiom.2020.102885

83. Atmeh PA, Gay L, Levasseur A, La Scola B, Olive D, Mezouar S, et al.
Macrophages and yd T cells interplay during SARS-CoV-2 variants infection. Front
Immunol. (2022) 13:1078741. doi: 10.3389/fimmu.2022.1078741

84. Alrubayyi A, Gea-Mallorqui E, Touizer E, Hameiri-Bowen D, Kopycinski J,
Charlton B, et al. Characterization of humoral and SARS-CoV-2 specific T cell

Frontiers in Immunology

10.3389/fimmu.2024.1362621

responses in people living with HIV. Nat Commun. (2021) 12:5839. doi: 10.1038/
s41467-021-26137-7

85. Amu S, Lantto Graham R, Bekele Y, Nasi A, Bengtsson C, Rethi B, et al.
Dysfunctional phenotypes of CD4+ and CD8+ T cells are comparable in patients
initiating ART during early or chronic HIV-1 infection. Med (Baltimore). (2016) 95:
€3738. doi: 10.1097/MD.0000000000003738

86. Laidlaw BJ, Craft JE, Kaech SM. The multifaceted role of CD4+ T cells in CD8+
T cell memory. Nat Rev Immunol. (2016) 16:102-11. doi: 10.1038/nri.2015.10

87. Bessen C, Plaza-Sirvent C, Simsek A, Bhat ], Marheinecke C, Urlaub D, et al.
Impact of SARS-CoV-2 vaccination on systemic immune responses in people living
with HIV. Front Immunol. (2022) 13:1049070. doi: 10.3389/fimmu.2022.1049070

88. Torralba M. Women, men, and HIV infection: One virus, two epidemics.
Enfermedades Infecc Microbiol Clin Engl Ed. (2021) 39:369-71. doi: 10.1016/
j.eimce.2021.06.001

16 frontiersin.org


https://doi.org/10.1097/QAD.0b013e3282f46e7c
https://doi.org/10.3390/cells9122568
https://doi.org/10.3390/cells9122568
https://doi.org/10.1016/j.ebiom.2020.102885
https://doi.org/10.3389/fimmu.2022.1078741
https://doi.org/10.1038/s41467-021-26137-7
https://doi.org/10.1038/s41467-021-26137-7
https://doi.org/10.1097/MD.0000000000003738
https://doi.org/10.1038/nri.2015.10
https://doi.org/10.3389/fimmu.2022.1049070
https://doi.org/10.1016/j.eimce.2021.06.001
https://doi.org/10.1016/j.eimce.2021.06.001
https://doi.org/10.3389/fimmu.2024.1362621
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Pre-existing cell populations with cytotoxic activity against SARS-CoV-2 in people with HIV and normal CD4/CD8 ratio previously unexposed to the virus
	Introduction
	Materials and methods
	Study subjects
	Ethical statement
	Cells
	IgG titers against SARS-CoV-2
	SARS-CoV-2 neutralization assay
	Pseudotyped SARS-CoV-2 infection assay
	HIV-1 infection assay
	Characterization of cell populations by flow cytometry
	Statistical analysis

	Results
	Participants’ cohorts
	SARS-CoV-2 breakthrough infections
	Blood samples
	High IgG levels against SARS-CoV-2 and neutralizing capacity of plasma from PWH in response to vaccination
	Enhanced cytotoxic activity against SARS-CoV-2-infected cells in PBMCs from PWH
	Increased levels of CD8+ T cells and T&gamma;&delta; cell populations with degranulation capacity in PBMCs from PWH
	Simple linear regression analysis revealed the presence of cellular immunity against SARS-CoV-2 in PBMCs from PWH before vaccination
	Full vaccination against SARS-CoV-2 did not affect the cellular immune response against HIV-1 in PWH

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


