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Objectives: To longitudinally compare SARS-CoV-2-specific T cell and humoral immune responses be-
tween convalescent individuals who are HIV-positive (HIV+) and HIV-negative (HIV-).
Methods: We conducted enzyme-linked immunospots to determine the SARS-CoV-2-specific T cell re-
sponses to spike and nucleocapsid, membrane protein, and other open reading frame proteins (NMO),
whereas an immunofluorescence assay was used to determine the humoral responses. Participants were
sampled at baseline and after 8 weeks of follow-up.
Results: Individuals who are HIV- had significantly more T cell responses to NMO and spike than indi-
viduals who are HIV+ at baseline, P-value = 0.026 and P-value = 0.029, respectively. At follow-up, T cell
responses to NMO and spike in individuals who are HIV+ increased to levels comparable with individu-
als who are HIV-. T cell responses in the HIV- group significantly decreased from baseline levels at the
time of follow-up (spike [P-value = 0.011] and NMO [P-value = 0.014]). A significantly higher number of
individuals in the HIV+ group had an increase in T cell responses to spike (P-value = 0.01) and NMO (P-
value = 0.026) during the follow-up period than the HIV- group. Antispike and antinucleocapsid antibody
titers were high (1: 1280) and not significantly different between individuals who were HIV- and HIV+ at
baseline. A significant decrease in antinucleocapsid titer was observed in the HIV- (P-value = 0.0001) and
the HIV+ (P-value = 0.001) groups at follow-up. SARS-CoV-2 vaccination was more effective in boosting
the T cell than antibody responses shortly after infection.
Conclusion: There is an impairment of SARS-CoV-2-specific T cell immunity in individuals who are HIV+
with advanced immunosuppression. SARS-CoV-2-specific T cell immune responses may be delayed in in-
dividuals who are HIV+, even in those on antiretroviral therapy. There is no difference in SARS-CoV-2-
specific humoral immunity between individuals who are HIV- and HIV+.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious
Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords:
SARS-CoV-2

T cell responses
Humoral immunity
HIV

Vaccination

Introduction

The SARS-CoV-2 is a single-stranded, encapsulated RNA virus
that causes COVID-19 [1]. SARS-CoV-2 has so far caused millions
of infections and deaths since its identification in 2019 [2]. There
have been several waves of infections, with some countries experi-
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encing up to four waves and increased transmissibility of the mu-
tated virus with each successive wave [3,4].

Several populations are at a higher risk of severe COVID-19 dis-
ease and death due to many comorbidities that may compromise
their ability to fight the infection. Among these vulnerable popu-
lations are the elderly; individuals with HIV/AIDS who have high
HIV viral loads and low clusters of differentiation (CD4) counts;
individuals with cancer; and individuals with other comorbidities,
including diabetes, hypertension, and obesity [5-8]. It has been re-
ported by a study conducted in Spain that SARS-CoV-2 seropreva-
lence was much higher among people living with HIV than the
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general population [9]. Also, other studies have reported that in-
dividuals with HIV who are not on antiretroviral therapy (ART) are
at a higher risk of COVID-19 in-hospital mortality than individuals
without HIV and individuals with HIV who are on ART [10-12].

HIV infects CD4* T lymphocytes and results in a progressive
depletion of this cell population and ultimately leads to an im-
pairment of cell-mediated immunity [13]. This then increases the
risk of opportunistic infections and cancer [14]. There are several
subsets of CD4+ T cells, some of which are helper T cells that are
required for the survival of memory CD8* T cells during viral in-
fections [15]. CD8T T cells, also known as cytotoxic T lymphocytes,
mediate adaptive immunity and are important for killing cancer-
ous cells and virus-infected cells [16]. The importance of T cell im-
munity in SARS-CoV-2 infection has been reported, where elderly
patients with COVID-19 aged >80 years old have been observed
to have diminished CD8 T cell responses, which could explain the
more frequent severity of COVID-19 in the elderly [17]. Therefore,
it is apparent that both CD4* and CD8" T cell-mediated immunity,
in addition to humoral and innate immunity, are a critical part of
the host responses against SARS-CoV-2 infection.

Most immunological studies during the COVID-19 pandemic
have focused on the humoral immunity against SARS-CoV-2 [18,19]
because antibodies are especially important in neutralizing viruses
and preventing infection, especially after vaccination [20,21]. How-
ever, when the prevention of infection fails, as in breakthrough in-
fections, T cell immunity will be the key to recognizing and killing
infected cells [22]. Studies on SARS-CoV-2-specific T cell immunity
have been reported, mostly in developed countries, and those con-
ducted in Africa have not focused on the effect of HIV infection
[23-26]. In a study conducted in South Africa, it was observed that
the depletion of CD4+ T cells by HIV infection was associated with
suboptimal SARS-CoV-2-specific T cell and humoral responses, in-
cluding a decrease in the polyfunctionality of SARS-CoV-2-specific
T cells [27]. A cross-sectional study on SARS-CoV-2-specific hu-
moral and T cell immune responses done in the United Kingdom
reported that at 5-7 months after infection with SARS-CoV-2, the
immune responses were comparable between individuals who are
HIV-positive (HIV+) and HIV-negative (HIV-), and that the T cell
responses were dominated by CD4* T cells [28]. In this study,
we longitudinally investigated SARS-CoV-2-specific T cell and hu-
moral immunity in individuals who are HIV+ who had recovered
from COVID-19, and compared their immune response to individu-
als who are HIV- who had also recovered from COVID-19.

Methods
Study design and participants

We conducted a prospective cohort study of individuals who
had been previously infected with SARS-CoV-2. Study partici-
pants were adult males and females who are HIV+ and HIV-
who had been diagnosed with SARS-CoV-2 infection by reverse
transcriptase-polymerase chain reaction in the past 12 weeks. We
obtained written informed consent from the study participants,
then collected clinical, sociodemographic, and HIV status informa-
tion using the study questionnaire, followed by collection of ve-
nous whole blood for subsequent laboratory assays. At the time
of recruitment, the participants had recovered from COVID-19. Par-
ticipants were mainly recruited at the outpatient clinics within
the University Teaching Hospital in Lusaka (Zambia) during their
follow-up visits after the hospitalization for COVID-19 or after in-
fection with SARS-CoV-2. The follow-up of the study participants
was done approximately 8 weeks after recruitment. The ethical ap-
proval to conduct this study was obtained from the University of
Zambia Biomedical Ethics Research Committee (Ref. No. 019-017-
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18) and from the National Health Research Committee (Ref. No.
NHRA00001/17/09/2021).

Sampling of study participants

We collected 16 ml of venous whole blood at both baseline
and follow-up visits. About 0.1 ml of the blood was used for CD4
counting, whereas 0.3 ml was used for T cell immunophenotyp-
ing by flow cytometry, and then the rest of the blood was sub-
jected to centrifugation to separate plasma. About 1 ml of the
plasma was used for determining HIV viral load in participants
with HIV, whereas the rest was stored at -80°C for subsequent
immunofluorescence assay to detect and titer the anti-SARS-CoV-2
antibodies. After plasma separation, the remaining cellular compo-
nent was then subjected to density gradient centrifugation to iso-
late the peripheral blood mononuclear cells, which were used for
the interferon-y (IFN-y ) enzyme-linked immunospot assays on the
same day of the collection.

CD4 counts and HIV viral loads

CD4 counts were determined using the BD TriTest kit (BD Bio-
sciences), according to the manufacturer’s protocol, on a BD FAC-
SCalibur (BD Biosciences). The HIV viral loads were measured us-
ing the Aptima HIV-1 Quant Dx Assay kit on a Hologic Panther
(Hologic), according to the manufacturer’s protocol.

Enzyme-linked immunospot peptide pools and assay

The peptides, including SARS-CoV-2 S1 scanning pool and SARS-
CoV-2 nucleocapsid, membrane protein, and other open reading
frame (ORF) protein (NMO)-defined peptide pool, were obtained
from MABTECH AB (Sweden). The SARS-CoV-2 S1 scanning pool
contains 166.15-mer peptides, which overlap with 11 amino acids
and covers the S1 subunit of the spike protein. The SARS-CoV-2
NMO-defined peptide pool contains 101 peptides derived from the
NMO, including ORF1, nonstructural protein 3, ORF-3a, ORF-7a, and
ORF8. These peptides are specific for the different human leuko-
cyte antigens under both classes 1 and 2.

All the SARS-CoV-2 proteins whose peptides were used in our
study have many important functions. The S1 subunit of the spike
protein contains the receptor binding domain and is important
for the viral entry into the host cells by binding to the host’s
angiotensin-converting enzyme 2 receptor [29]. The nucleocapsid
is an RNA-binding protein that is important for viral packaging and
has been observed to be a strong enhancer of virion quality and in-
fectivity [30]. The membrane protein also plays an important role
in the viral assembly by interacting with all the other structural
proteins [31]. The nonstructural protein 3 is the largest SARS-CoV-
2 protein that contains a macrodomain that suppresses the host’s
IFN response [32]. ORF-3a is a protein involved in viral replication,
assembly, and release [33]. ORF-7a and ORF8 are accessory proteins
that have been shown to antagonize IFN-1 signaling and therefore
impair the host immune response [34,35]. Refer to Supplementary
Information for the enzyme-linked immunospot assay.

Immunofluorescence assay

We performed an immunofluorescence assay to detect the pres-
ence and titer of antibodies against SARS-CoV-2 spike and nucleo-
capsid proteins, as described previously [36]. The transfected HEK-
293T cells (ATCC, USA) that expressed either the spike (Addgene,
USA) or nucleocapsid (Sini Biological, USA) proteins of SARS-CoV-
2 were fixed and seeded onto 12-well polytetrafluoroethylene
printed slides (Electron Microscopy Sciences, USA). After a 1: 20
dilution in 1X PBS with 0.1% Tween-20, the plasma was added to
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the corresponding wells on the slide and incubated for 1 hour at
37°C. The slides were then washed and incubated with secondary
mouse monoclonal antihuman immunoglobulin G antibody (ATCC,
USA), with subsequent removal of unbound antibodies and incuba-
tion with tertiary CY2-conjugated donkey antimouse immunoglob-
ulin G (Jackson Immuno Research Laboratories, USA). This was then
followed by counterstaining the cells with Evans blue dye. For the
titration, the serial dilutions on positive samples were done be-
ginning from 1: 20 until a negative reading. The reading of the
slides was done by three independent readers on a Nikon E400
fluorescence microscope to determine positive or negative signals,
and only harmonious results from at least two independent read-
ers were reported as the outcome.

Flow cytometry

Whole blood was stained for 30 minutes with CD3-APC-Vio770,
CD4-PE, CD8-PE-Vio770, CD45R0O-APC, and CD197-CCR7-FITC, and
the flow cytometry was carried out using a 6-color BD FACSVerse
instrument. The antibodies were obtained from Miltenyi Biotec
(Germany) and BD Biosciences (Belgium). Fluorescence-minus-one
controls were used to identify and gate the cell populations. The
gating strategies used are shown in Supplementary Figure 2. The
analysis of the flow data was done using Flow Jo version 10
(TreeStar, Ashland, OR, USA).

Statistical analysis

Descriptive statistics were used to analyze the baseline char-
acteristics. Continuous variables are presented as median and in-
terquartile range for skewed data or mean and standard deviation
for normally distributed data, whereas categorical or binary vari-
ables are presented as percentages. The comparison of continuous
variables between the two groups was done using the Wilcoxon
rank-sum test for skewed data, and Student’s t-test for normally
distributed data. The Shapiro-Wilk test was used to test for nor-
mality. The within-group comparisons of baseline and follow-up
values were done using the Wilcoxon matched-pairs signed rank
test. The determination of the correlation between the continuous
variables was done using the Spearman rank correlation. We also
used the Fisher’s exact test to determine whether there was any
significant difference in binary variables between the two groups.
A P-value of less than 0.05 was considered statistically significant.
Stata version 17 (StataCorp LLC, USA) was used for all statistical
analyses. Prism 9 (GraphPad Software) was used to generate the
figures.

Results
Baseline characteristics

We recruited 85 study participants who previously had poly-
merase chain reaction-confirmed SARS-CoV-2 infection. A total of
46 (54.1%) of the participants were HIV- and 39 (45.9%) were HIV+.
The median time since SARS-CoV-2 diagnosis for the HIV- group
was 10.5 weeks in the HIV- group, whereas it was 10 weeks in
the HIV+ group. The proportion of hospitalizations was higher
among individuals who are HIV+ than individuals who are HIV-
(P-value = 0.012; Table 1). The proportions of fully vaccinated in-
dividuals were not significantly different between the two groups
at baseline (P-value = 0.38). The median HIV viral load was un-
detectable in individuals who are HIV+, and most (94.3%) but not
all were on ART at baseline. The median CD4 T cell counts were
>450 cells/ul in both groups, but the counts were much higher
in individuals without HIV (705 [556-905] vs 475 [359-738]; P-
value = 0.001) as expected (Table 1). The rest of the baseline char-
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Table 1
Baseline characteristics of study participants.
HIV-(N = 46) HIV+(N = 39) P-value

Age (years) 48.7 (£14.7) 53 (£10.3) 0.13
Males 18 (39.1%) 15 (38.5%) 1.00
Body mass index (kg/m?) 28.9 (25-32.7) 27.3 (26.2-30.5) 0.91
Clusters of differentiation 4 705 (556-905) 475 (359-738) 0.001
count (cells/ul)
HIV viral load (copies/ml) N/A 0 (0-0) N/A
On antiretroviral therapy N/A 33 (94.2%) N/A
Fully vaccinated 23 (50%) 5 (38.5%) 0.38
Days since COVID-19 diagnosis 4 (56-77) 0 (56-91) 0.49
Hospitalized for COVID-19 24 (52.2%) 31 (79.5%) 0.012
Comorbidities (diabetes, 5 (76.1%) 22 (56.4%) 0.07

hypertension, and obesity)

N/A, not applicable.
Among HIV-infected individuals, the total number with antiretroviral therapy status
information was 35 out of 39. All continuous variables are presented as median and
interquartile ranges.

acteristics, including age, gender, body mass index, and presence of
comorbid conditions, were not significantly different between the
two groups (Table 1).

Comparison of T cell responses between individuals who are HIV+
and HIV-

At both baseline and follow-up, 97-100% of individuals in
both groups had detectable responses (>55 spot-forming units
[SFU]/million cells) to spike and/or NMO peptide pools. At base-
line, individuals who are HIV- had a significantly higher number
of SFU toward the S1 subunit of the spike and NMO peptide pools
than individuals who are HIV+ (Figure 1a). At follow-up, there was
no significant difference in the T cell responses toward both spike
and NMO peptide pools between the two groups (Figure 1b). Af-
ter 8 weeks of follow-up, there was a significant decrease in the
T cell responses toward the NMO peptide pool in the HIV- group,
whereas a significant increase toward the NMO peptide pool was
observed in the HIV+ group (Figure 1c). Also, a statistically sig-
nificant decrease in the T cell responses toward the spike peptide
pool was observed after 8 weeks of follow-up in the HIV- group,
whereas the T cell responses in the HIV+ group increased, but this
was not statistically significant (Figure 1d).

A total of 34% (10/29) of individuals who are HIV- had an in-
crease in the T cell responses against NMO, whereas 71.4% (15/21)
of individuals who are HIV+ had an increase in the T cell re-
sponses against NMO during the follow-up period. Among the in-
dividuals who are HIV-, 31% (14/45) had an increase in the anti-
spike T cell responses, whereas 55.3% (21/38) of individuals who
are HIV+ had an increase in the spike T cell responses during
the follow-up period. Individuals who are HIV+ had a statistically
higher proportion of individuals that experienced an increase in
the T cell responses against NMO (P-value = 0.026) and spike (P-
value = 0.01) during the follow-up period. The comparison of clin-
ical and demographic characteristics of individuals who are HIV+
who had an increase in the spike and NMO T cell responses to
those who had a decrease or no increase in the T cell responses
showed that higher CD4 counts were associated with an in-
crease in T cell counts during the follow-up period (Supplementary
Table 1).

Comparison of humoral responses between individuals who are HIV+
and HIV-

Both groups had 97.7% of individuals with detectable antibody
responses at baseline, whereas 100% of the participants in both
groups had detectable antibody responses at follow-up. At base-
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Figure 1. SARS-CoV-2-specific T cell responses. (a) At baseline, HIV- individuals had significantly higher number of T cell responses toward both spike S1 and NMO peptide
pools compared to HIV+ individuals as indicated by the higher number of SFU per million cells. (b) At follow-up, there was an increase in T cell responses among HIV+
individuals to levels that were not significantly different from that of the HIV- group. (c) HIV- individuals had a significant decrease in number of T cell responses toward the
NMO peptide pool after 8 weeks of follow-up while HIV+ individuals had a significant increase in number of T cell responses. (d) HIV- individuals had a significant decrease
in number of T cell responses toward the S1 subunit of spike after 8 weeks of follow-up, while no significant difference between baseline and follow-up was observed in

the HIV+ group.

NMO, nucleocapsid, membrane protein, and other open reading frame proteins; PBMC, peripheral blood mononuclear cells; SFU, spot-forming units.

line, there was no significant difference in the antispike and antin-
ucleocapsid antibody titers between the HIV- and HIV+ groups
(Figure 2a). At follow-up, the antispike antibody titers were not
significantly different between the two groups, whereas the antin-
ucleocapsid antibody titers were significantly higher in the HIV+
group than in the HIV- group (Figure 2b). There was a significant
decrease in the antispike antibody titers in the HIV- group after
8 weeks of follow-up, whereas no significant difference between
the baseline and follow-up antispike antibody titers was observed
in the HIV+ group (Figure 2c). There was a significant decrease in
the antinucleocapsid antibody titers in both groups after 8 weeks
of follow-up (Figure 2d).

Correlation of T cell and humoral responses with CD4 T cell counts in
the HIV+ group

The individuals who are HIV+ were further categorized into
those with CD4 counts <200 cells/ul and those with CD4 counts
>200 cells/pl. Individuals with CD4 counts <200 cells/ul had
significantly lower T cell responses toward the S1 subunit of
spike protein than those with counts >200 cells/ul at baseline
(Figure 3a). Also, at the time of follow-up, the T cell responses to-
ward both peptide pools were significantly higher among individ-

uals with higher CD4 T cell counts than individuals with low CD4
T cell counts (Figure 3b). There was no significant correlation be-
tween the CD4 counts and T cell responses to spike (rho = 0.05;
P-value = 0.75) and NMO (rho 0.20; 0.38) at baseline. How-
ever, there were statistically significant positive correlations be-
tween the CD4 counts and T cell responses to spike (rho = 0.59; P-
value = 0.0001) and NMO (rho = 0.51; P-value = 0.001) at follow-
up. The antispike and antinucleocapsid antibody titers were not
significantly different between the two groups at both baseline and
follow-up (Figures 3c and 3d). There were no significant correla-
tions between the CD4 counts and antispike or antinucleocapsid
titers at both baseline and follow-up (rho = 0.12; P-value = 0.46,
or rho = 0.19; P-value = 0.27 and rho = 0.31; P-value = 0.08, or
rho = 0.03; P-value = 0.88, respectively).

Among individuals with low CD4 counts <200 cells/ul, the
majority (83.3%) had been hospitalized at the time of diagnosis,
16.7% of individuals had breakthrough infections after vaccination,
and 33.3% had other comorbid conditions. Only 16.7% of the in-
dividuals were vaccinated at baseline, whereas 66.7% of the indi-
viduals were vaccinated at follow-up. However, a comparison of
spike T cell responses between baseline and follow-up was not
statistically significant (324 SFU [132-408] vs 270 SFU [84-580];
P-value = 0.46).
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Figure 2. SARS-CoV-2-specific antibody responses. (a) No significant difference in antispike and antinucleocapsid antibody titers between HIV- and HIV+ groups at baseline.
The antibody titers were high in both groups. The median dilutions for both antispike and antinucleocapsid antibodies in both groups was 1: 1280. (b) At follow-up, the
median antibody titer against spike (1: 1280) was higher than that against nucleocapsid protein (1: 640) in both groups. There were no significant differences in antispike
antibody titers between the two groups at follow-up, while the antinucleocapsid antibody titer was significantly higher in the HIV+ group as indicated by the distribution
of more individuals with higher titers compared to the HIV- group. (c) There was a significant decrease in antispike antibody titers in the HIV- group at follow-up, while
no significant change between baseline and follow-up titers was observed in the HIV+ group. (d) There was a statistically significant decrease in antinucleocapsid antibody
titers after 8 weeks of follow-up in both the HIV- and HIV+ groups. The titer on Y-axis indicate the number of dilutions.

Effect of vaccination on T cell and humoral responses to spike

At baseline, there was no significant difference in the propor-
tion of individuals between the two groups who were vaccinated
(52.2% in HIV- and 56.4% in HIV+; P-value = 0.88) or fully vac-
cinated against SARS-CoV-2 (Table 1 and Supplementary Table 2).
Also, some of the participants were vaccinated during the follow-
up period. However, there were no significant differences in the
SARS-CoV-2 vaccination status at baseline and during follow-up
between the participants in the HIV- and HIV+ groups. The par-
ticipants all received either of two viral vector COVID-19 vaccines
(Johnson & Johnson or Oxford AstraZeneca), which were the only
vaccines available in the country at the time of recruitment and
follow-up. There was no significant difference in the type of vac-
cine received between the two groups. However, the participants
who are HIV- had a significantly shorter time from the last SARS-
CoV-2 vaccine dose to recruitment into the study than the partic-
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ipants who are HIV+ (P-value = 0.013; Supplementary Table 2).
Because the study participants were previously infected with SARS-
CoV-2, full vaccination was considered approximately 2 weeks af-
ter the single dose of the Johnson & Johnson vaccine and at least 3
weeks after the first dose of the Oxford AstraZeneca vaccine [37-
39]. Based on vaccination history, only 2/46 (4.35%) of the individ-
uals in the HIV- group and 3/39 (7.7%) of the individuals in the
HIV+ group had breakthrough infections, which was not signifi-
cantly different between the two groups (P-value = 0.66). The ma-
jority of the participants had no reported or confirmed reinfection
during the follow-up period.

At baseline, about 47% of the participants were not vaccinated
and approximately 8.2% were partially vaccinated, whereas 44.7%
were fully vaccinated. At follow-up, about 23.5% of the participants
were not vaccinated, about 5.8% were partially vaccinated, and
about 70.6% were fully vaccinated. Because there were very few
partially vaccinated individuals, they were combined with unvac-
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Figure 3. SARS-CoV-2-specific T cell and antibody responses by CD4 counts in HIV+ Group. (a) A subanalysis by CD4 counts was done in the HIV+ group. There was no
significant difference in T cell responses toward the NMO peptide pool at baseline between individuals with low CD4 counts (<200 cells/ul) and those with high CD4 counts
(=200 cells/ul). T cell responses toward spike S1 subunit were significantly higher at baseline in individuals with higher CD4 counts (>200 cells/ul) compared to those with
low CD4 counts (<200 cells/ul). (b) At follow-up, T cell responses toward the NMO and spike peptide pools were significantly more in individuals with CD4 counts >200
cells/ul than those with lower CD4 counts. (c) No significant difference in antispike and antinucleocapsid antibody titers at baseline between HIV+ individuals with high
and low CD4 counts. (d) No significant difference in antispike and antinucleocapsid antibody titers at follow-up between HIV+ individuals with high and low CD4 counts. At
baseline, a few participants did not have their cells stimulated with NMO due to unavailability of the peptide pool at the beginning of the study. Therefore, the number of
participants analyzed for the NMO peptide pool is slightly lower than those analyzed for the spike peptide pool at baseline (Figure 3a). Figure 3b shows a slight increase in
the total number of individuals with higher CD4 counts and a slight decrease in those with lower CD4 counts at follow-up because of an individual who had an improvement
in the CD4 count during the follow-up period.

CD, clusters of differentiation; NMO, nucleocapsid, membrane protein, and other open reading frame proteins; PBMC, peripheral blood mononuclear cells; SFU, spot-forming
units.

cinated individuals for statistical analysis purposes. Overall, fully the fully vaccinated and unvaccinated/partially vaccinated individ-

vaccinated individuals had significantly higher number of T cell re- uals (Figures 4c and 4d). However, when a subgroup analysis was
sponses to the spike S1 subunit than unvaccinated/partially vacci- done, fully vaccinated individuals who are HIV- had higher anti-
nated individuals at baseline (Figure 4a). At follow-up, there was spike antibody titers than unvaccinated/partially vaccinated indi-
a trend toward a higher number of T cell responses in fully vac- viduals who are HIV- at baseline, whereas no significant difference
cinated than in unvaccinated/partially vaccinated individuals, but in the antispike antibody titers was observed between the fully
this was not statistically significantly different possibly due to in- vaccinated and unvaccinated/partially vaccinated individuals who
sufficient number of individuals in the unvaccinated/partially vac- are HIV+ (Table 2). At follow-up, there were no significant differ-
cinated group to make statistical comparisons (Figure 4b). There ences in the antispike antibody titers between the fully vaccinated
were high numbers of T cell responses to spike in fully vacci- and unvaccinated/partially vaccinated individuals in both the HIV-
nated individuals than in unvaccinated/partially vaccinated individ- and HIV+ groups (Table 2).

uals at baseline and follow-up in the HIV- group; although, this
was not statistically significant, possibly because the study was Changes in CD4 count, HIV viral load, and COVID-19 vaccination

not powered enough to address this subgroup analysis (Table 2). status during follow-up

Although T cell responses in fully vaccinated individuals who are

HIV+ at baseline were not significantly different from those in un- There were no statistically significant differences between the
vaccinated/partially vaccinated individuals who are HIV+, these re- baseline and follow-up CD4 counts and HIV viral loads among the
sponses were significantly higher in fully vaccinated individuals at individuals who are HIV+ (475 cells/ul [359-738] vs 550 cells/pl
the time of follow-up (Table 2). [346-762]; P-value = 0.20 and 0 copies/ml [0-0] vs O copies/ml [0-

There were no statistically significant differences in the median 0]; P-value = 0.77, respectively). The full vaccination status in the
antispike antibody titers at both baseline and follow-up between HIV- group increased from 50% at baseline to 71.7% at follow-up,

m
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Figure 4. Effect of vaccination on T cell and antibody responses. (a) Fully vaccinated individuals had significantly higher number of spike-specific T cell responses than
unvaccinated/partially vaccinated individuals at baseline. (b) Fully vaccinated individuals had marginally significant higher number of spike-specific T cell responses that
unvaccinated/partially vaccinated individuals at follow-up. (c) No significant difference in antispike antibody titers between fully vaccinated and unvaccinated/partially vacci-
nated individuals at baseline. (d) No significant difference in antispike antibody titers between fully vaccinated and unvaccinated/partially vaccinated individuals at follow-up.

Table 2
SARS-CoV-2-specific T cell and antibody responses to spike in HIV- and HIV+ individuals by vaccination status
HIV- HIV+
Fully vaccinated Unvaccinated/ partially vaccinated P-value Fully vaccinated Unvaccinated/ partially vaccinated P-value
T cell responses
Baseline 1344 SFU (412-2100) 772 SFU (408-1264) 0.084 820 SFU (440-1736) 406 SFU (170-1248) 0.075
Follow-up 718 SFU (344-1190) 548 SFU (212-1132) 0.58 1000 SFU (536-1684) 604 SFU (124-908) 0.015
Antibody responses (titers)
Baseline 1:2560 (1:1280-1:10240) 1:1280 (1:320-1:2560) 0.01 1:1280 (1:1280-1:5120) 1:3840 (1:1280-1:5120) 0.87
Follow-up 1:1280 (1:320-1:2560) 1:1280 (1:320-1:1280) 0.69 1:1280 (1:1280-1:2560) 1:1280 (1:1280-1:5120) 0.84

SFU, spot-forming units.

whereas the full vaccination status in the HIV+ group increased
from 38.5% at baseline to 69.2% at follow-up. There were no sig-
nificant differences in vaccination status between the HIV+ and
HIV- groups at both baseline (P-value = 0.38) and at follow-up (P-
value = 0.82).

CD4 and CD8 T cell immunophenotypes

To determine whether HIV infection affects the proportions
of the circulating T cell subsets in convalescent individuals with
COVID-19, we compared proportions of the naive, central memory,
effector memory, and effector CD4* and CD8" T cells between the
individuals who are HIV+ and HIV- and the changes between the
groups after 8 weeks of follow-up. We observed that the propor-
tions of the T cell subsets were not significantly different at base-
line and at follow-up between the HIV+ and HIV- groups. How-
ever, there was a significant change in the proportion of the sub-
sets within the groups at follow-up. For CD4* T cells, the pro-
portion of naive cells in the whole blood of both HIV+ and HIV-
groups significantly increased from baseline levels after 8 weeks of
follow-up (26.9% [16.8-32.4] vs 29.8% [18.3-41.2]; P-value = 0.0001
and 24.4% [14.8-33.9] vs 28.7% [21.6-38.1]; P-value = 0.0001, re-
spectively; Supplementary Table 3). On the other hand, the propor-
tion of the CD4 effector memory cells significantly reduced from
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baseline levels after 8 weeks of follow-up in both the HIV+ and
HIV- groups (24.2% [11.8-34.9] vs 15% [10.5-22.6]; P-value = 0.001
and 17.8% [12.3-38.8] vs 15.9% [10.8-20.9]; P-value = 0.002, respec-
tively). In addition, there was a significant increase in the propor-
tion of the CD4 effector cells in the HIV+ group at follow-up (0.5%
[0.1-1.3] vs 0.7% [0.5-1.9]; P-value = 0.015) but not in the HIV-
group. For CD8" T cells, the proportion of central memory cells
significantly increased from baseline levels in both the HIV+ and
HIV- groups (2% [1.5-4.6] vs 5.3% [2.8-79.5]; P-value = 0.0001 and
2.7% [1.2-4.5] vs 5.6% [2.9-13.5]; P-value = 0.0001, respectively;
Supplementary Table 4). The proportion of the effector cells sig-
nificantly reduced in both the HIV+ and HIV- groups (37.8% [17.8-
55.9] vs 30.5% [2.3-50.1]; P-value = 0.003 and 38.3% [27.3-58] vs
31.3% [13.1-43.5]; P-value = 0.001, respectively), whereas the pro-
portion of the effector memory cells significantly reduced in the
HIV+ group (11.5% [6.9-18.4] vs 7.4% [4.3-13.4]; P-value = 0.01),
with a statistically insignificant reduction in the HIV- group. We
also compared the proportion of CD4 (25.1% [12.7-33.9] vs 24.2%
[9.5-54.8]; P-value = 0.76) and CD8 (12.5% [6.9-18.2] vs 8% [7.7-
28]; P-value = 0.96) effector memory T cells at baseline between
the individuals who are HIV+ with high CD4 counts and those
with lower CD4 counts and observed no significant difference in
the proportions, which could be due to the low sample size for
the subanalysis.
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Discussion

Cell-mediated and humoral immunity are the two major as-
pects of adaptive immunity that play a critical role against
SARS-CoV-2 infection. Hence, our study focused on SARS-CoV-
2-specific T cell and antibody responses in individuals who
are HIV+ versus HIV- in Africa, who were previously infected
with SARS-CoV-2 and had recovered from COVID-19. We also
looked at how this immunity changed over an 8-week follow-up
period.

We observed that at 10 weeks post-infection with SARS-CoV-
2, SARS-CoV-2-specific T cell responses are present in individuals
who are HIV+ and HIV-. However, they are significantly greater in
the individuals who are HIV- than the individuals who are HIV+.
There was a significantly shorter time from the last SARS-CoV-
2 vaccine dose to recruitment in participants who are HIV- than
HIV+, possibly explaining the observed differential T cell responses
to spike. Nevertheless, the T cell responses to NMO were also sig-
nificantly higher in the HIV- group at baseline, and only about half
of the entire study population was vaccinated at baseline. This ob-
servation changed after an 8-week follow-up period, where the
SARS-CoV-2-specific T cell responses in the HIV+ group signifi-
cantly improved to match the levels observed in the HIV- group. It
is possible that this improved response in the HIV+ group over the
follow-up period could be due to ongoing/prolonged asymptomatic
infection and/or improved vaccination status over time. Our find-
ings are similar to a previous study, where an observation was
made that both humoral and T cell responses are comparable in
individuals without HIV and individuals with HIV who are on ART
and have suppressed HIV viral loads [28]. However, our data sug-
gest that individuals who are HIV+ mount a less robust SARS-CoV-
2-specific T cell response both at baseline and follow-up, but that
these can be boosted by vaccination.

It is interesting to note that the T cell responses in our cohort
of individuals who are HIV+ and HIV- were still present at almost
4.5 months after the initial infection because our baseline analy-
sis was at about 10 weeks after the infection. These responses in-
creased in the HIV+ group to levels comparable with that of the
HIV- group during the 8-week follow-up period. This is similar to
a previous study by Zuo et al. [40], where it was observed that
functional SARS-CoV-2-specific T cell responses were maintained
at 6 months after the primary infection. In another study, it was
observed that adaptive cellular immunity was durable at 7 months
after the primary infection [41]. A study by Lu et al. [42] observed
that the T cell responses were still detectable after a longer pe-
riod of 12 months after SARS-CoV-2 infection, and that individuals
with severe illness had a higher frequency of SARS-CoV-2-specific
T cells and antibodies. In our study, attempts to categorize the im-
mune responses based on the initial COVID-19 severity were not
done because some participants had missing clinical information
for the time when they were acutely infected because the study re-
cruited participants after hospital discharge or recovery from acute
infection. On the other hand, hospital admission, which may be
associated with disease severity, was not associated with the dif-
ferences in the immune responses between the two groups. The
slow development of T cell responses in individuals who are HIV+
over time could also be due to more prolonged asymptomatic in-
fection or reinfection during the follow-up period. Nevertheless,
based on our studies and that of others, T cell and humoral im-
munity appears to be present for at least several months after the
primary infection in both the individuals who are HIV+ and HIV-.
However, at least in the HIV- population, these responses seem to
weaken over time, necessitating the need for SARS-CoV-2 vaccina-
tion and/or boosters to prevent reinfections and COVID-19 disease.
Our study is unique from the other studies in that we investigated
the T cell and humoral responses in people living with HIV and
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how these responses change over time in comparison to individu-
als who are HIV-.

We observed that humoral immune responses against the two
SARS-CoV-2 proteins (spike and nucleocapsid) were detectable in
most of the participants in both the HIV- and HIV+ groups at base-
line and follow-up. The antibody titers were high and not signifi-
cantly different between the two groups at baseline. However, at
follow-up, the antinucleocapsid antibody titers were significantly
higher in the HIV+ group than in the HIV- group. Our observa-
tion is similar to other studies that have reported that SARS-CoV-
2 seroconversion is similar between people living with HIV who
are on ART and individuals without HIV [28,43]. After 8 weeks
of follow-up, the antibody responses were still detectable in all
the participants, including those that were undetectable at base-
line. The one individual who had undetectable levels of anti-SARS-
CoV-2 antibody at baseline and detectable titers at follow-up may
represent a case of some individuals with weak/delayed initial re-
sponses, vaccine response, or reinfection during the study period.
However, there was a significant decrease in the titers against both
the spike and nucleocapsid proteins in both groups, except against
spike in the HIV+ group. Other studies have also reported that the
antibody titers against SARS-CoV-2 decrease after a few months
but are still detectable several months after the infection [44]. Our
findings and that of others indicate that SARS-CoV-2 vaccination
or boosters may be very important to maintain the immunity and
prevent reinfections.

Most of our study participants who are HIV+ had suppressed
and/or undetectable HIV viral loads at baseline, and 33 (94.2%)
were on ART. Despite this, we observed that individuals who are
HIV+, with CD4 counts <200 cells/ul, had significantly weaker T
cell responses than those with higher CD4 counts at both baselines
and after 8 weeks of follow-up. This is in line with other stud-
ies that have reported that severe immunosuppression, with CD4
counts <200 cells/ul, is associated with severe COVID-19 disease
[45]. On the other hand, no significant difference was observed in
the antibody titers against spike and nucleocapsid between indi-
viduals with HIV with higher CD4 and low CD4 counts. Our ob-
servation may be due to insufficient numbers to make compar-
isons for this subgroup analysis or may be due to a better humoral
than T cell immunity against SARS-CoV-2 in severely immunosup-
pressed individuals with HIV. Furthermore, the higher proportion
of hospitalizations in the HIV+ than the HIV- populations may be
due to our observed less robust initial T cell responses to SARS-
CoV-2 in the HIV+ population.

Fully vaccinated individuals in the entire combined cohort com-
pared with unvaccinated and partially vaccinated individuals had
significantly higher number of T cell responses to spike at base-
line and marginally significant higher number of T cell responses
at follow-up as expected due to the vaccine stimulatory effect.
The subgroup analyses by HIV status showed that the T cell re-
sponses against spike were much higher in the fully vaccinated
individuals at both time points, with responses in the fully vac-
cinated HIV+ group being significantly higher at follow-up as the
number of fully vaccinated participants increased over time. There
was no significant difference in the antispike antibody titers be-
tween the fully vaccinated and unvaccinated/partially vaccinated
individuals at both baseline and follow-up. This could be due to
the durable responses provided by the SARS-CoV-2 primary infec-
tion because all these individuals were previously infected with
SARS-CoV-2. However, on the subgroup analysis, fully vaccinated
individuals in the HIV- group had significantly higher antispike
antibody titers than unvaccinated/partially vaccinated individuals.
Again, this could be due to the marginal boosting effect of the
SARS-CoV-2 vaccine; although, both groups had high titers at base-
line. Our observations are similar to previous studies that have ob-
served that people living with HIV develop high antispike antibody
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titers, which are similar to individuals without HIV infection [46].
Our findings may suggest that vaccination in individuals recently
infected with SARS-CoV-2 may be more beneficial in improving T
cell immunity. The antibody titers were very high in both groups
after infection with SARS-CoV-2, reaching several thousand-fold di-
lution, and hence, vaccination did not seem to have a profound ef-
fect on the titers, which may have affected our comparisons. How-
ever, considering the gradual decrease in the antibody titers, in-
cluding T cell immunity, over time as observed in our study and by
others [38], vaccination to boost immunity is absolutely necessary
to prevent reinfections and severe COVID-19 in individuals who are
HIV+ and HIV-. Also, as noted from our study, the higher antispike
antibody titers at follow-up than antinucleocapsid antibody titers
may be explained by the effect of the vaccination because the ma-
jority of the participants in both groups were vaccinated at follow-
up.

We observed significant changes in circulating proportions of
CD4* and CD8* T cell phenotypes after 8 weeks of follow-up. Dur-
ing this period, the proportions of naive CD4* T cells increased
from baseline levels, indicating a normalization of circulating CD4"
T cell subsets after the recovery from COVID-19 disease [47,48].
This increase in naive CD4+ T cells was accompanied by an ob-
served decrease in effector memory cells over time, reflecting a re-
covery of CD4™ T cell subsets toward normal after infection [49].
The proportion of CD4*t effector T cells in individuals who are
HIV+ was observed to significantly increase at follow-up compared
with baseline levels, but the proportions were very low compared
with other subsets. This could be associated with the observed de-
layed SARS-CoV-2-specific T cell responses observed in the HIV+
group.

The proportion of CD8* central memory T cells significantly in-
creased, whereas the CD8" effector T cells significantly reduced
in individuals who are HIV+ and HIV- after 8 weeks of follow-
up. These findings are in agreement with studies that have shown
that during acute viral infection, naive CD8* T cells differentiate
into effector cells, which kill target cells [48]. Upon clearance of
the infection, a proportion of these cells differentiate into mem-
ory cells that protect the host during reinfection [49]. Hence, both
CD4* and CD8" T cell subsets may be useful in the monitoring of
disease progression and recovery from COVID-19 disease in indi-
viduals who are HIV+ and HIV-.

Study limitations

The overall small sample size might have limited our ability to
elicit some of the differences that might exist between the sub-
groups. Because immune responses are impacted by vaccination
status, timing, and types of vaccine used, the lack of a standard-
ized cohort with a uniform vaccination profile might have con-
founded some of our findings. However, we observed no differ-
ence in the type of vaccine received by both groups and the pro-
portion of vaccinated individuals. Our assessment of immune re-
sponses may also be confounded by the lack of data on infec-
tion status of the participants during the follow-up period because
some responses could be due to ongoing/prolonged SARS-CoV-2 in-
fection or asymptomatic reinfection during the study period. Al-
though most of the participants received SARS-CoV-2 vaccination
during follow-up, we cannot rule out the role of reinfection in the
observed responses. Another study limitation is the lack of clin-
ical detailed information on the severity of COVID-19 disease and
SARS-CoV-2 viral load, where it could have been useful to compare
immune responses in different COVID-19 stages and viral burden.
However, our study provides important findings on the presence
of SARS-CoV-2-specific T cell and antibody responses in individuals
who are HIV+ and in HIV- approximately 4.5 months after recov-
ery from acute infection.
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Conclusion

SARS-CoV-2-specific T cell and antibody responses are present
in individuals who are HIV+ and HIV- after recovery from acute
infection. These responses are generally high and still detectable
4.5 months after the initial infection. Participants who are HIV+
have less robust T cell responses both at baseline and follow-up,
but these are boosted by vaccination. Severe immunosuppression
among individuals with HIV mostly affects T cells and not antibody
responses. SARS-CoV-2-specific T cell responses may be delayed in
individuals with HIV, despite them being on ART. T cell responses
in the individuals who are HIV- and antibody responses in indi-
viduals who are HIV- and HIV+ decrease over time, which could
increase the risk of reinfection and severe disease and necessitates
vaccine boosters.
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