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Introduction: The COVID-19 pandemic caused varied disease outcomes globally,
with individuals experiencing severe, non-severe, or no disease. Immune
responses generated post-exposure to SARS-CoV-2 play a critical role in
protecting against severe COVID-19 upon re-infection. This study aimed to
analyze immune-cell phenotypes and functions in COVID-19 Recovered
Patients (C-19RPs) from varying disease severities.

Objective: To compare the immune-cell phenotypes and functions in C-19RPs
from different forms of the disease, more than six months post-infection.
Methods: Between September 2021 and July 2023, 101 C-19RPs with hospital
data (median age 31) were recruited from Mbeya Zonal Referral Hospital,
Tanzania. In addition, seven uninfected and 19 Actively Infected Patients (AIPs)
(median age 34 and 58.5, respectively) were included as controls. Blood samples
were collected for SARS-CoV-2 serology, immune and genomic analysis,
whereas demographic and vaccination data were gathered through
a questionnaire.

Results: Serum anti-SARS-CoV-2 levels were similar between severe and non-
severe C-19RPs but signi cantly higher in vaccinated non-severe cases than in
unvaccinated ones. Severe C-19RPs and AIPs showed a trend towards decreased
switched memory B cells. Frequencies of T-cell subsets were broadly similar
across groups, but AIPs had increased central memory and decreased effector
memory and effector CD4 T cells. T-cell responses to SARS-CoV-2 nucleocapsid
peptides were not affected, but severe C-19RPs had increased CD8 cytokine
responses and degranulation upon stimulation with Staphylococcus enterotoxin
B (SEB). The frequency of CD56Dim_CD16Bright NK subsets was high in C-19RPs,
while CD56Dim_CD16Neg subsets were reduced only in severe C-19RPs. DNA
sequence analysis of the HLA from 18 C-19RPs and ve uninfected participants
revealed 11 and 20 alleles, which were exclusively found in severe and non-severe
C-19RPs, respectively.
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Conclusion: COVID-19 vaccination was particularly bene cial for non-severe C-
19RPs, highlighting the bene ts of vaccination in this group. Frequencies of B and
NK cell subsets were long-term altered in the C-19RPs, while CD4 T-cell subset
alterations were only in the AIPs. The enhanced T-cell response to SEB in the
severe C-19RPs suggests potential long-term T-cell hyperresponsiveness,
warranting further research. The unique HLA alleles exclusively found in either
severe or non-severe C-19RPs may require additional exploration to con rm
their association with disease severity.
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Introduction

The COVID-19 pandemic caused varied disease outcomes
worldwide, ranging from asymptomatic infections to severe
diseases. Despite signi cant disparities in access to COVID-19
vaccinations, Africa has been the least affected region globally,
with 2.5% of the world’s deaths (1). While Africa’s relatively
young population may partially account for these observations,
biological factors such as sex and genetic background also
in uence the immune responses of Africans to SARS-CoV-2 (2).
Nonetheless, in 2021, Africa was estimated to have one of the
highest seroprevalence rates of SARS-CoV-2 in the world (65%),
primarily driven by mild infections (3).

It is well established that increased in ammatory cytokines
and dysregulation of immune subsets have been associated with
the severity of the disease (4, 5). Contrary, non-severe SARS-CoV-
2 is characterized by early upregulation of interferon-stimulated
genes across different immune cell subsets, reduced cytotoxic
potential of T- and Natural Killer (NK) cells, and a monocyte
phenotype (4). Host genetic background, such as polymorphisms
in HLA genes, in uences the immunological outcome of infection
in speci ¢ study populations (6, 7). Indeed, HLA-DRB1*04:01 is
protective of COVID-19 severity in some populations of European
ancestry (8).

Given the increasing number of individuals exposed to SARS-
CoV-2, there is a growing interest in understanding the state of the
immune system post-COVID-19. Kreutmair et al. showed that,
unlike other viral acute infections, SARS-CoV-2-associated T and
NK immune dysfunction persists 12 weeks after infection, which
may play a role in “long COVID” or re-infection risk (4). However,
data on the long-term immune effects of SARS-CoV-2 are less
described, especially in Africa. Given the high heterogeneity among
world populations, understanding the state of immunity
maintained after SARS-CoV-2 natural infection is crucial for
informing the design of interventions applicable to all populations.

Here, we analyzed the immune phenotypes and functions, and
HLA polymorphisms of COVID-19 Recovered Patients (C-19RPs)
with different demographic patterns in Mbeya, Tanzania, who had
recovered from varying severities of COVID-19. Identifying unique
immune and genetic pro les post-COVID-19 may inform on
features related to post-acute sequelae of SARS-CoV-2 infection
and/or outcomes of re-infection.
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Materials and methods

Screening, enrollment of participants and
sample collection

This cross-sectional analysis was conducted between September 15,
2021, and July 21, 2023, at Mbeya Zonal Referral Hospital (MZRH),
with a total of 155 participants recruited from two studies and
categorized into three groups. The rst group comprised cases,
including individuals treated at the MZRH who had recovered from
either mild/moderate (hereafter referred to as non-severe) COVID-19
(83) or severe COVID-19 (18). These individuals were recruited after
veri cation in the hospital information system con rmed that they had
previously experienced symptoms of COVID-19 and had received
treatment at MZRH a month to a year post-diagnosis. The second
group consisted of 7 healthy adults with no detectable SARS-CoV-2
antibodies, as determined by both rapid tests (Wantai Biological
Pharmacy Enterprise Co., Ltd., Beijing, China) and ELISA
(Euroimmun, Libeck, Germany, El 2606-9601 G), serving as a
negative control. These individuals were randomly screened from a
pool of 368 people visiting patients at MZRH. Of the 368 individuals
screened, only 35 (9.5%) were negative for SARS-CoV-2 antibodies and
were subsequently recruited into the study. However, the absence of
anti-SARS-CoV-2 in the blood samples of these 35 participants was
further con rmed by ELISA, and only 7 (20%) were true negative
samples (Supplementary Figure 1). The last group included 19 patients
admitted to MZRH who had active severe COVID-19 at the time of
recruitment, as determined by clinical assessment and con rmed by
viral detection from nasopharyngeal swabs using RT-PCR. COVID-19
disease severity classi cation was done according to the WHO
guidelines (9). A summary chart showing the participant groups and
the number of participants included in each respective immunoassay is
presented in Supplementary Figure 1. For all participants, a total of 17
ml of venous blood was collected in EDTA tubes (BD) for Peripheral
Blood Mononuclear Cell and plasma isolation, which were used in
subsequent experiments. The sample size was based on the availability
of patients and data at that time.

Anti-SARS-CoV-2 detection by ELISA

Levels of anti-SARS-CoV-2 spike 1gG antibodies targeting the
recombinant S1 domain of the spike protein in the serum were
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analyzed by Enzyme-Linked Immunosorbent Assay (ELISA) by
using anti-SARS-CoV-2 detection kit (Euroimmun, Libeck,
Germany, El 2606-9601 G). Samples were processed according to
the manufacturer’s instructions. The optical density (OD) values
were measured using an ELISA plate reader machine (Tecan,
Austria GmbH, Grdédig, Austria). Results were reported semi-
quantitatively as the OD ratio of the participant sample to that of
a calibrator. A sample was considered positive if the ratio was 1.1 or
higher. Ratios between 0.8 and 1.1 were classi ed as borderline.

Cell staining and ow cytometry

Peripheral blood mononuclear cell (PBMC) isolation was
performed using FicoII—PaqueTM Plus medium within 6 hours of
blood draw, followed by cell freezing. Thawing of the cells was done
for selected samples (Supplementary Figure 1) by using a thawing
medium according to Horn et al. (10). After thawing, the cells were
washed three times with PBS, then counted and divided into three
panels. Two panels were designed for T (panel A), B, NK cells, and
monocytes (panel B) phenotyping, while one panel (panel C) was
used for T cell stimulation and intracellular staining. The list of
monoclonal antibodies used in each panel is provided in
Supplementary Table 1A. Surface staining for panels A and B was
done by incubating the cells with the respective antibody master
mix for 30 minutes, followed by three washing steps. The cells were
then xed with 1x CellFix solution (BD), prior to acquisition.

For the stimulation panel, cells were restimulated with a pool of
SARS-CoV-2 speci ¢ nucleocapsid peptides from three SARS-CoV-
2 variants (Wuhan, Omicron and Delta) (Supplementary Table 1B),
each at a nal concentration of 1mg/ml (Miltenyi Biotec.),
Staphylococcal enterotoxin B (0.6 mg/ml/peptide, Sigma-Aldrich),
human cytomegalovirus phosphor protein-65 (pp65) or no peptide
(PBS) as a negative control. Stimulation was done overnight (16 to
18 hours) at 37 °C and 5% CO,, in the presence of 1x protein
transport inhibitor (eBioscience), CD107a-FITC 5mg/ml
(Biolegend) and two costimulatory antibodies anti-CD49d (Clone
9F10, BD Pharmingen) and anti-CD28 (Clone CD28.2, BD
Pharmingen) ( nal concentration 1mg/ml each). Following
incubation, the cells were washed twice with PBS and then
incubated with surface antibodies (Supplementary Table 1A) for
30 minutes. Cells were then xed and permeabilized using Fixation/
Permeabilization concentrate and diluent (eBioscience) and stained
intracellularly for 30 minutes using intracellular antibodies listed in
panel C (Supplementary Table 1A). A three-washing cycle with
FACS buffer was done before cell acquisition using a CytoFlex Flow
cytometer (Beckman Coulter).

Gating analyses were performed using FIowJoTM_V10.8.1
(Becton, Dickinson and Company, Ashland, Oregon, USA) and
Kaluza version 2.1 (Beckman Coulter Inc., Brea, California, USA)
software. Background was removed by subtracting the responding T
cell frequencies (by cytokine production or degranulation) in the
negative control from those in the corresponding antigen-
stimulated samples.
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Quanti cation of plasma cytokines

Cytokine concentrations in plasma samples from selected
individuals with known SARS-CoV-2 exposure status were
measured using a multiplex human cytokine assay following the
manufacturer’s guidelines (R&D Systems). This assay was designed
to detect 14 cytokines: MMP-1, MMP-2, MMP-8, Myeloperoxidase/
MPO, S100A8, TNFa, IFNg, IL-1b IL-8 (CXCL8), IL-12/1L-23 p40,
IL17/IL17a, NCAM-1/CD56, CD40 Ligand (TNFSF5), and GM-
CSF. Cytokine measurements were performed using a Magpix
system and analyzed with xXPONENT software version 4.2
(Luminex Corporation, Austin, Texas, USA).

DNA sequencing and bioinformatics
analysis for HLA typing

Genomic DNA was extracted from the collected PBMCs using
the QlAamp DNA Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s protocol. DNA concentration and purity were
assessed using a Nanodrop spectrophotometer (Thermo Fisher
Scienti ¢), while integrity and accurate quanti cation were
con rmed with the Qubit Fluorometer (Life Technologies). Only
samples meeting quality thresholds (A260/A280 ratio ~1.8-2.0 and
suf cient DNA yield) were selected for downstream analysis.

Targeted HLA sequencing was performed using a custom-
designed AllType NGS panel (One Lambda) on the Illumina
MiSeq platform with a paired-end read con guration (2 x 250
bp). The panel was optimized explicitly for high-resolution
genotyping of HLA class | (HLA-A, HLA-B, HLA-C) and class Il
(HLA-DRB1, HLA-DPB1, HLA-DQB1) loci, covering full exons
and key intronic regions. Library preparation was performed
according to the manufacturer’s protocol, incorporating dual-
indexed adapters for sample multiplexing.

Following sequencing, raw reads in FASTQ format underwent
initial quality assessment using FastQC (v0.11.9) and MultiQC
(v1.13) to evaluate metrics such as read length distribution, base
quality scores, GC content, and duplication rates. Adapter
trimming was not required, as adapter sequences were effectively
removed during demultiplexing, and the sequencing chemistry was
optimized to minimize off-target or low-complexity reads.
Consequently, high- delity, target-speci ¢ reads were retained for
HLA analysis.

HLA typing was conducted using HLA-HD (v1.7.1), a robust,
alignment-based software optimized for high-resolution HLA allele
and haplotype inference from NGS data. The tool employs Bowtie2
(v2.5.4) for high-precision mapping of sequencing reads to a
curated reference database derived from the IPD-IMGT/HLA
database (release version 3.60). HLA-HD implements locus-
speci ¢ alignment and phasing algorithms to assign alleles at two-

eld (four-digit) high resolution. It accounts for read depth, allele
balance, base quality, and phasing patterns to resolve ambiguous
calls. All typings underwent manual curation to con rm accuracy
and eliminate artefacts or mismatches. Invalid entries, including
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unresolved typings, partial (one- eld only) calls, or low-con dence
assignments, were excluded. A total of 95 unique HLA alleles were
identi ed across the six targeted loci among the 23 sequenced
participant samples.

Allelic distributions were strati ed by clinical phenotype
(severe, non-severe, control), and frequencies were compared
across groups. Known HLA-disease associations were cross-
referenced with existing literature on SARS-CoV-2 infection,
COVID-19 severity, and vaccine responsiveness. Alleles not
previously reported in this context were agged as potentially
novel candidates for further investigation.

Literature and database curation of HLA—
COVID-19 associations

To determine whether the HLA alleles identi ed in our study
participants have been previously associated with COVID-19, we
conducted a thorough literature and database review using both
manual and systematic approaches. We searched PubMed using
combinations of keywords such as “HLA,” speci c allele names (for
example, “HLA-A*02:01"), and COVID-19-related terms including
“COVID-19,” “SARS-CoV-2,” “severity,” “susceptibility,”
“protection,” and “mortality.” Where relevant, we also included
geographic Iters such as “Africa” and “sub-Saharan Africa” to help
identify studies that included participants from African populations
or those of African ancestry. To ensure broad coverage, we
additionally searched Google Scholar, medRxiv, and bioRxiv for
preprints and grey literature, and manually reviewed article
repositories from high-impact journals.

We used several curated databases to cross-check and verify our

ndings. The HLA-COVID19.org database was our main reference
for identifying HLA alleles previously linked to COVID-19
outcomes in the published literature. We used the Allele
Frequency Net Database (AFND) to check whether an allele had
been previously reported in African populations. However, only
studies related to COVID-19 in African populations were used to
support the “Reported in Africa” category. Additional veri cation
was done using the Immune Epitope Database (IEDB) for SARS-
CoV-2 epitope binding data, and doMHC (NCBI) for associations
with other coronaviruses such as SARS-CoV-1.

All allele names were standardized using the IPD-IMGT/HLA
Database. For each of the 95 unique alleles in our dataset, we recorded
whether a COVID-19 association had been previously reported, any
supporting PubMed 1Ds globally and for Africa, and the severity of
illness in patients from our cohort who carried the allele. We manually
reviewed each citation to con rm that the reported association was
based on clinical ndings and not purely computational predictions.

Statistical analysis

Data from participants who were actively infected and those
who recovered from COVID-19 were extracted from the hospital
database and questionnaires. These data were combined with
information from laboratory analyses. Statistical analysis was
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performed using STATA version 16 (Stata Corp., College Station,
TX, USA) or GraphPad Prism version 10.4.2 (GraphPad Software,
Inc., San Diego, CA, USA). Statistical signi cance was de ned as a
p-value less than 0.05.

Results

Participants’ demographic and clinical
characteristics

The demographic characteristics of 127 participants (Table 1)
were analyzed of which 73 (57.5%) were males. Participants aged
25-49 years (110; 86.6%) represented the majority compared to
those under 24 years (5; 3.9%) and over 50 years (12; 9.5%,
p<0.001). Age categories showed a signi cant relationship with
COVID-19 disease severity compared with the control group.
Moreover, comorbidities were more common in individuals with
active infection. The most frequent comorbidities across all SARS-
CoV-2-exposed groups were hypertension and diabetes mellitus
type 1l (Supplementary Table 2). About 30% of SARS-CoV-2-
exposed participants were vaccinated with either Johnson &
Johnson (26, 76.5%) or P zer-BioNTech (Comirnaty) (8, 23.5%).
The majority (28, 90.3%) of COVID-19 recovered individuals were
vaccinated post-infection (Median: 115.5 days (IQR: 75.8-154.3))
while only three were vaccinated before infection (Median: 45 days
(IQR: 15-111)). All of the three vaccinated individuals with active
infection had received vaccination prior to SARS-CoV-2 diagnosis
(Median: 141 days (IQR: 121-162)). Of note, about 21% of COVID-
19 recovered participants reported experiencing one or more mild
COVID-19-like symptoms at enrolment, including cough, body
weakness, and chest and joint pain.

COVID-19 vaccination enhances anti-
SARS-CoV-2 serum IgG levels in the non-
severe but not the severe group

To investigate the systemic immune response against SARS-
CoV-2, we compared humoral responses and B-cell phenotypes
between SARS-CoV-2-exposed (with either active or recovered
infection) and controls. The levels of anti-SARS-CoV-2 serum
1gG were compared using the Optical Density ratio (OD ratio).
The OD ratio between the severe and non-severe groups was
comparable (Figure 1A). We further discriminated the two groups
according to vaccination status; while the median OD ratio
remained comparable between severe and non-severe vaccinees,
anti-SARS-CoV-2 1gG levels were non-signi cantly higher in
unvaccinated severe than in non-severe C-19RPs (Median: 7.37 vs
4.48, p=0.1599, Figure 1B). Interestingly, the OD ratio was
signi cantly higher in the non-severe vaccinated than in the non-
severe unvaccinated individuals (Median: 7.61 vs 4.48, p<0.0001).
Unvaccinated severe C-19RPs had a comparable serum OD ratio to
vaccinated severe C-19RPs.
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TABLE 1 Participants’ demographic characteristics and related clinical COVID-19 status.

Number of participants Non-Severe Severen Activen Controln

Variable
(N =127) n (%) (%) (%) (%)
Gender
Male 73 (57.5) 46 (63.0) 12 (16.5) 9 (12.3) 6(8.2)
0.2789
Female 54 (42.5) 37 (68.5) 6 (11.1) 10 (18.5) 1(1.85)
Age group
<24 yrs 5(3.9) 2 (40.0) 1 (20.0) 0 (0.0 2 (40.0)
25-49 yrs 110 (86.6) 81 (73.6) 17 (15.5) 7(6.3) 5 (4.6) <0.0001
>50 yrs 12 (9.5) 0 (0.0) 0 (0.0) 12 (100.0) 0(0.0)
Other Comorbidities
Yes 38(31.9) 19 (22.9) 6(33.3) 13 (72.2)
No 81(68.1) 64 (77.1) 12 (66.7) 5 (22.8) 0.0003
Missing 1 0 0 1
Vaccination status
Vaccinated 35 (29.7) 28 (33.7) 4(22.2) 3(17.6)
0.3145
Unvaccinated 83 (70.3) 55 (66.3) 14 (77.8) 14 (82.4)
Missing 2 0 0 2
Type of vaccination (Johnson & 268 226 21 21
Johnson: P zer)
COVID-19-like symptoms at enrolment
Yes 21 (20.8) 16 (19.3) 5(27.8)
0.4205
No 80 (79.2) 67 (80.7) 13 (72.2)
“Statistical test: Chi-square.
B ns
 —
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104 —
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FIGURE 1
Effects of COVID-19 severity on the anti-SARS-CoV-2 serum IgG levels in recovered patients. Levels of serum anti-SARS-CoV-2 IgG in the severe
(n=18) and non-severe (n=80) groups, regardless of vaccination status (A). Levels of serum anti-SARS-CoV-2 IgG in the severe and non-severe C-
19RPs who were either vaccinated (open circles) or not (closed red circles) (B). Each dot or circle represents a participant; the median line is
indicated. Mann-Whitney U test was used to compare the groups (ns = not signi cant, ****p<0.0001).

COVID-19 affects the B cell compartment controls and active infection. While the three SARS-CoV-2 exposed

in actively infected patients but not in the groups showed similar frequencies of switched memory B cells,
C-19RPs there was a non-signi cant decrease in the fraction of switched

memory B cells in the actively infected and severe C-19RPs
Three subsets of B cells were analyzed in each of the two groups, ~ compared to controls (Median: 10.01, 10.81 vs 19.22%, p=0.060,
and their proportions were compared with those of uninfected  p=0.0579) respectively. The memory and late memory B cells were
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not long-term affected by COVID-19 infection when compared to
the control group. However, a signi cant increase in the proportion
of memory B cells was observed in individuals with active infection
compared to severe (median: 34.03 vs 5.01%, p=0.0007) and non-
severe C-19RPs (median: 34.0 vs 5.58%, p=0.0008). The fraction of
naive B cells was also signi cantly reduced in the active infection
group compared to C-19RPs and controls (p<0.0001 (for each
group) and p=0.0189, respectively) (Figure 2). There was no
signi cant correlation between the serum anti-SARS-CoV-2 1gG
OD ratio and the frequency of any of the B cell subsets in both
severe and non-severe C-19RPs (Supplementary Figure 2).

Frequencies of CD4 but not CD8 T cell
subsets in the actively infected patients are
affected but recovered post-COVID-19

Next, the frequencies of the four T cell subsets (naive, central
memory (Tcm), effector memory (Tem), and terminally
differentiated effector cells (Teff)) in the peripheral blood of

10.3389/fimmu.2026.1699992

severe and non-severe C-19RPs groups were compared to those
of the control and active infection groups. There was a signi cant
increase in the frequencies of Tcm CD4 T cells in the active infected
participants compared to the control group (p=0.0008), but the
frequencies of these cells contracted post-COVID-19 recovery in
both severe and non-severe groups (p=0.0003, p<0.0001,
respectively). In contrast, a signi cant decrease in Tem and Teff
CD4 T cells was observed in the active infection group (p=0.0330,
p=0.0194, respectively) compared to the control group, but the
frequencies of Tem were restored in COVID-19 recovered patients
to levels similar to those in the control group (Figure 3A).
Interestingly, the frequencies of naive CD4 T cells were
signi cantly higher only in the non-severe C-19RPs than in the
active infection group. The frequencies of Tcm CD8 T cells were
signi cantly lower after COVID-19 recovery in both severe and
non-severe groups compared to the active infection group
(p=0.0006, p<0.0001). However, for the other CD8 T cell subsets
(Tem, Teff, and naive), a non-statistically signi cant trend similar to
that of the CD4 T cell subsets was observed (Figure 3B).
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FIGURE 2

Effects of COVID-19 on the B cell compartment. The frequencies of memory and naive B cells in the peripheral blood of active infected, severe, and
non-severe C-19RPs were compared to uninfected control participants. Each dot represents a participant (red: vaccinated, black: unvaccinated), and
the horizontal line represents the median of the group. *p<0.05, **p<0.01, ****p<0.0001 (Kruskal-Wallis test followed by Dunn’s post-analysis). A
black star indicates a comparison with the control group, while grey stars indicate a comparison with the active infection group.
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FIGURE 3

Effects of COVID-19 on the T cell compartment. Frequencies of central memory (Tcm), effector memory (Tem), effector (Teff) and naive CD4 (A) and
CD8 (B) T cell subsets in the peripheral blood of active infected, severe and non-severe C-19RPs were compared to uninfected control participants.
Each dot represents a participant (red: vaccinated, black: unvaccinated), and the horizontal line represents the median of the group. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 (Kruskal-Wallis test followed by Dunn’s post-analysis). Black stars indicate a comparison with the uninfected
control group, while grey stars indicate a comparison with the active infection group.

Degranulation and cytokine T cell
responses to SEB stimulation are enhanced
in C-19RPs

To assess variability in SARS-CoV-2-speci ¢ systemic responses,
we measured T cell frequencies in our studied groups following (re)
stimulation with a cocktail of pooled SARS-CoV-2 peptides. There
were no signi cant differences between any of the actively infected or
C-19RPs and the control groups in CD4 T cell subsets (Supplementary
Figure 3A). However, a signi cantly lower frequency of degranulating
CDB8 T cells was observed in the active infection group compared to the
severe C-19RPs (Median: 0.00 vs 0.15% p=0.0199) (Supplementary
Figure 3B). On the other hand, the frequencies of TNFa responding
CD4 and CD8 T cells upon stimulation with pp65 (cytomegalovirus
peptide cocktails) were signi cantly reduced in the active infection
compared to the non-severe C-19-RPs (p=0.0050 and p=0.0124,
respectively) (Supplementary Figure 4).

Noteworthy, frequencies of CD4 and CD8 T cell responses to
SEB stimulation by degranulation (CD107a) or cytokine
production (interferon gamma (IFNg), tumor necrosis factor
(TNFa) and interleukin-2 (IL2)) were compared between the
SARS-CoV-2-exposed and control groups. The frequencies of
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degranulating CD4 T cells upon SEB stimulation were
signi cantly higher in the severe C-19RPs compared to the
control group (median: 1.70 vs 0.00%, p=0.0127), while the
frequencies of IFNg, TNFa and IL2 responding CD4 T cells in
active infection, severe and non-severe C-19RPs were comparable
to the control groups (Figure 4A). The frequencies of
degranulating CD8 T cells after SEB stimulation in the active
infection group were signi cantly lower compared to the severe
and non-severe C-19RPs (p<0.0001, p=0.0002) (Figure 4B). The
frequencies of degranulating (CD107a), IFNg and TNFa
responding CD8 T cells were signi cantly higher in the severe
C-19RPs only (p=0.0191, p=0.0131, p=0.0404, respectively)
(Figure 4B).

When the concentration of cytokines and different in ammatory
markers in the serum of active infected participants, severe and non-
severe C-19RPs, was compared to the control groups, there were no
profound differences that were observed between groups
(Supplementary Figure 5). However, individuals with active
infection had higher levels of in ammatory markers, including
TNFa, IL-8, Matrix MetalloProteinase-1 (MMP-1) and -8 (MMP-
8), IFNg, and MyeloPerOxidase (MPO), than severe and/or non-
severe C-19RPs (Supplementary Figure 5).
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FIGURE 4

Effects of COVID-19 on the T cell responses to SEB stimulation. The frequencies of CD4 (A) and CD8 (B) T cell responses to SEB stimulation,
measured by degranulation (CD107a) or cytokine production (interferon gamma (IFNg) or tumor necrosis factor alpha (TNFa)), were compared
between the SARS-CoV-2-exposed and control groups. Each dot represents a participant (red: vaccinated, black: unvaccinated), and the horizontal
line represents the group median. *p<0.05,***p<0.001,****p<0.0001 (Kruskal-Wallis test followed by Dunn’s post-analysis). Black stars indicate a
comparison with the uninfected control group, while grey stars indicate a comparison with the active infection group.

COVID-19 affects the NK cell phenotypes
but not monocyte subsets of actively
infected patients, severe and non-severe
C-19RPs

Six subsets of NK cells were analyzed in each of the studied
groups as previously described (11), namely: CD56bright_
CD16dim, CD56Dim_CD16Bright, CD56Neg_CD16Bright,
CD56Dim_CD16Dim, CD56Dim_CD16Neg, and CD56bright_
CD16dim. There was a signi cantly higher proportion of
CD56bright_CD16dim and lower CD56Dim_CD16Dim NK cells
in participants with active infection compared to uninfected
controls (p=0.0043 and p=0.0075, respectively, Figure 5). Of note,
the frequencies of CD56bright_ CD16dim NK cells were
signi cantly reduced in both severe and non-severe C-19RPs to
levels comparable to those in the uninfected controls when
compared to the active infection group. The frequencies of
CD56Dim_CD16Bright were elevated in both severe and non-
severe C-19RPs compared to the controls (p=0.0267 and
p=0.0333, respectively). Furthermore, a signi cant decrease in the
frequencies of CD56Dim_CD16Neg NK cells only was observed in
the severe C-19RPs compared to the controls (p=0.0319, Figure 5).

The frequencies of the three known monocyte subsets in
severe and non-severe C-19RPs, were compared with either
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uninfected controls or actively infected patients. In all three
subsets, which are classical monocytes, non-classical monocytes
and intermediate monocytes, there were no signi cant differences
between any of the two C-19RPs and the control groups
(Supplementary Figure 6).

Association of different HLA
polymorphisms with COVID-19 severity

High-resolution HLA genotyping in 18 individuals recovered
from COVID-19 infection and 5 uninfected controls revealed a total
of 267 alleles spanning class | (HLA-A, HLA-B, HLA-C) and class 11
(HLA-DRB1, HLA-DQB1, HLA-DPBL1) loci (Figure 6A). Of those,
we found 95 unique alleles, of which 39 (41%) appeared only once
across the participants, while 56 (59%) appeared in more than one
individual (Figure 6B).

Among the 9 severe C-19RPs, 11 alleles were identi ed
exclusively in this group (Table 2). Of those four alleles have been
previously associated with severe COVID-19, while the other seven
have not previously been reported in the context of COVID-19 and
may represent novel markers of susceptibility in African cohorts.

In the nine non-severe C-19RPs, 20 alleles were found
exclusively in this group (Table 3). Among these, four alleles had
documented protective associations, while no published studies are
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FIGURE 5

Effects of COVID-19 on the NK cell compartment. Frequencies of the six NK cell subsets in the peripheral blood of active infected, severe, and non-
severe C-19RPs were compared to uninfected control participants. Each dot represents a participant (red: vaccinated, black: unvaccinated), and the
horizontal line represents the median of the group. *p<0.05,**p<0.01 (Kruskal-Wallis test followed by Dunn’s post-analysis). Black stars indicate a
comparison with the uninfected control group, while grey stars indicate a comparison with the active infection group.

available to support associations for the remaining 16 alleles in  a high global prevalence of SARS-CoV-2 exposure, herein, we have
this group. demonstrated a long-term impact of COVID-19 on the immunity of
hosts who have recovered from either severe or non-severe disease.
Furthermore, our ndings provide insight into the role of HLA
polymorphisms in modulating COVID-19 severity among African

Discussion patients, a population that remains underrepresented in global
immunogenetic studies.
A long-sustained adaptive immunity against pathogens is essential A fth of C-19RPs had mild COVID-19-like symptoms at

in preventing the host from re-infection with the same pathogen. With  enrolment, suggesting symptom persistence after recovery, as

A B
uscors: | B
ey
s S B
m Single m Multiple
0 5 10 15 20 25 30 35 40 45 50
HLA-A HLA-B HLA-C HLA-DPB1 HLA-DQB1 HLA-DRB1
m Severe 18 18 18 16 18 18
m Non-severe 18 18 18 17 18 14
m Control 10 10 10 10 9 9

FIGURE 6
HLA polymorphism analysis. COVID-19 clinical presentation and the distribution of the 267 alleles across the HLA class | and Il (A). Proportion of
unique alleles expressed by single and multiple participants (B).
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TABLE 2 Alleles found exclusively in the severe COVID-19 recovered patients.

Reported COVID-19

HLA allele association? Reference
HLA-A*03:01:01 Yes Associated with increased risk of fever/chills after P zer COVID-19 vaccination. (12)
HLA-A*26:01:01 No No published association found with COVID-19 severity or susceptibility. —
HLA-B*08:01:01 Yes Associated with severe COVID-19 and increased hospitalization risk in Italy. (13)
HLA-C*14:02:01 No No known studies link this allele to COVID-19 outcomes. —
HLA-C*18:03 No No known studies link this allele to COVID-19 outcomes. —
HLA-DPB1*124:01 No No published evidence found regarding COVID-19 association. —
HLA-DQB1*03:01:01 Yes Associated with symptomatic COVID-19; increased frequency in severe cases. (14)
HLA-DRB1*03:91 No No known studies link this allele to COVID-19 outcomes. —
HLA-DRB1*12:22 Yes (indirect) DRB1*12 group is highly prevalent in Africa; possible relevance suggested. (15)
HLA-DRB1*12:39 No No published evidence found regarding COVID-19 association. —
HLA-DRB1*13:12:01 No No known studies link this allele to COVID-19 outcomes. —

TABLE 3 Alleles found exclusively in the non-severe COVID-19 recovered patients.

HLA Allele Reported COVID-19 association? Notes Reference
HLA-A*02:02 Yes Identi ed as a low-risk allele for susceptibility. (16)
HLA-A*26:12 No No published evidence currently available. —
HLA-B*07:102 No No published evidence currently available. —
HLA-B*14:02:01 No No published evidence currently available. —
HLA-B*49:01:01 No No published evidence currently available. —
HLA-C*03:03:01 No No published evidence currently available. —
HLA-C*05:01:01 Yes Associated with protective effect against severe disease. a7
HLA-C*07:01:02 No No published evidence currently available. —
HLA-C*07.04:01 No No published evidence currently available. —
HLA-C*08:02:01 Yes Associated with protection from critical disease. (18)
HLA-C*17.01:01 No No published evidence currently available. —
HLA-DPB1*03:01.01 | No No published evidence currently available. —
HLA-DPB1*17:01 Yes Associated with low DPB1 expression; possible impact on immune response. | (19)
HLA-DPB1*30:01 No No published evidence currently available. —
HLA-DQB1*06:04:01 | No No published evidence currently available. —
HLA-DQB1*06:09:01 | No No published evidence currently available. —
HLA-DRB1*03:07 No No published evidence currently available. —
HLA-DRB1*10:01:01 | No No published evidence currently available. —
HLA-DRB1*11:103 No No published evidence currently available. —
HLA-DRB1*13:41 No No published evidence currently available. —

reported in several long-COVID-19 studies (20). Post- COVID-19
syndromes are associated with risks for multiple organ system
disorders, including pulmonary and neurological (21). Thus,
future studies should monitor the long-term clinical effects of
post- COVID-19 symptoms.

SARS-CoV-2 antibody titers during and post-infection depend
on disease severity, with higher antibody levels detected in severe
than non-severe recoverees (22, 23). Similarly, our data indicate

Frontiers in Immunology

higher infection-induced anti-SARS-CoV-2 spike IgG antibodies
are detectable in severe than non-severe C-19RPs for up to 12
months post-infection. Importantly, our data further showed that
all non-severe vaccinated C-19RPs had detectable and signi cantly
higher SARS-CoV-2 antibody titers than unvaccinated C-19RPs,
whereas no difference was observed between vaccinated
and unvaccinated severe C-19RPs. Studies have shown that
vaccination signi cantly elevates antibody responses in

10 frontiersin.org


https://doi.org/10.3389/fimmu.2026.1699992
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marandu et al.

individuals who have already been exposed to the virus and to a
greater extent in people recovered from mild COVID-19 (22-24).
Our results indicate that the level of immune protection
after recovery depends on disease severity, with non-severe
convalescents likely to bene t more from vaccination than those
who recovered from severe COVID-19. This highlights the need to
prioritize vaccination of uninfected individuals and those who have
recovered from non-severe COVID-19 cases, especially when
resources are limited.

Memory B cells are crucial for a durable humoral immunity.
Numerous studies have established a general persistence of memory
B-cells after SARS-CoV-2 infection and/or vaccination (23, 25-27).
We observed a non-signi cant trend towards a decreased fraction of
switched memory B cells in the active infection and severe C-19RPs,
as well as a signi cant decrease in naive B cells in the actively
infected group compared to the control group. These ndings align
with a study that showed severe COVID-19 mortality was
associated with a decreased frequency of switched memory and
naive B cells (28). On the other hand, the frequencies of memory B
cells were signi cantly higher in the active infection group than in
the COVID-19 recovered participants, whereas the opposite was
observed for naive B cells. This indicates that during active
infection, the frequencies of memory and naive B cells are altered
but are restored after recovery. However, the frequencies of the
studied B-cell subsets did not correlate with the levels of virus-
speci ¢ IgG in the blood. This suggests that despite the restoration
of frequencies of B-cell subsets in COVID-19 recovered individuals,
the absolute numbers and quality of these cells may remain
compromised in some individuals. Indeed, persistence of
exhausted B-cell populations post-COVID-19 infection has been
reported (29).

We showed that the frequencies of CD4 but not CD8 T cell
phenotypes are altered during active infections compared to the
control group; however, these alterations are restored to
homeostasis after disease recovery in both severe and non-severe
patients. On the other hand, the notable decrease in the proportion
of CD4 and CDS8 central memory cells and the increase in effector
memory cells in the C-19RPs compared to the active infection
group aligns with ndings from a longitudinal study that analyzed
these cells at baseline and 6-8 months after recovery (30). In
addition, studies have shown that T cell responses to SARS-CoV-
2 upon re-stimulation with viral peptides may persist for over 12
months post-infection (31). Analysis of these responses, conducted
for up to 12 months post-infection in our study, revealed no
statistically signi cant differences between the groups and the
controls, likely due to the small sample size of the control group.
Nonetheless, the degranulation capacity of CD8 T cells was
signi cantly higher in the severe group compared to the active
infection group, indicating an improved response after recovering
from severe disease. Interestingly, the CD8 T cell responses to a
superantigen (SEB), measured by degranulation and cytokine
production (IFNg and TNFa), were enhanced, and again, only in
the severe C-19RPs compared to the control, but when compared to
the active infection, the degranulation capacity was enhanced in
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both the C-19RPs. In contrast, within the CD4 T cell compartment,
the enhancement of responses was limited to degranulation and was
observed in the severe C-19RPs only.

Structure-based computational models have identi ed a highly
conserved sequence motif on the SARS-CoV-2 spike protein with a
sequence and structure similar to a region on the SEB superantigen
(32-34). This may imply that the elevated SEB responses observed
in the severe C-19RPs were due to a preferential expression of host
immunogenetic factors that bind both the SARS-CoV-2 spike
protein and SEB motifs, causing a superantigenic response. Both
superantigens and SARS-CoV-2 infection have been associated with
the development of autoimmune or chronic in ammatory diseases
(35-42). Therefore, the enhanced T cell responses to SEB among
severe C-19RPs may predict the risk of future autoimmune diseases
in this group.

We also showed that the CD4 and CD8 TNFa responses to an
unrelated virus antigen (cytomegalovirus) were signi cantly higher
compared to the active infection group, suggesting that during
COVID-19 active infection, responses to other viruses are impaired
but restored upon recovery. Our ndings on T cell responses
demonstrate important short-term immunological effects of
COVID-19 and long-term T-cell hyperresponsiveness that SARS-
CoV-2 leaves behind after the infection is cleared, as observed in
patients recovered from severe COVID-19. Further in vivo animal
experiments may con rm whether these enhanced responses can
improve control of other unrelated infections, such as bacterial
infections, in severely COVID-19-recovered hosts.

Studies on cytokine pro les in the serum of COVID-19 patients
show elevated in ammatory cytokines, which are associated with
the severity of the disease (43-45). Our study showed a non-
signi cant trend toward increased serum cytokine levels in the
actively infected group, likely due to the small sample size of the
control group. Additionally, signi cantly higher levels of TNFa,
IL8, MMP-8, IFNg, and MPO in the active infection group
compared to both severe and non-severe C-19RPs, and MMP-1
only in the severe C-19RPs, suggest that serum cytokine levels in
COVID-19 patients, regardless of disease severity, return to
homeostasis at similar kinetics after clearance of the infection.

The CD56Dim NK population is comprised of subsets of
varying cytotoxic capacity, with CD56Dim_CD16Bright cell
population being the most abundant cytotoxic NK cell subset in
peripheral blood, with a relatively high degranulation capacity upon
activation (11). The frequencies of CD56Dim_CD16Bright NK cells
in our study were signi cantly elevated in severe and non-severe C-
19RPs. Elevated frequencies of this NK subset have been associated
with a strong potential for producing perforin, granzyme B, and
IFNg in vaccinated Omicron BA.2-infected patients (46). Although
we were unable to determine which variant our participants were
infected with, our ndings suggest that SARS-CoV-2 infections
typically maintain these activated NK cell subsets after recovery
from both severe and non-severe forms of the disease. The
frequencies of CD56Bright_CD16Dim NK cells were signi cantly
higher in the active infection group than in the severe and non-
severe C-19RPs. Studies have shown that this population of cells
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produces large amounts of cytokines upon monocyte activation (47,
48), which matches our ndings that this population expanded
signi cantly in the active infection group compared to the C-19RPs.

The expression of mMRNA for Angiotensin-Converting Enzyme
type 2 (ACE-2) receptor (entry receptor for SARS-CoV-2) has been
shown to be higher in classical monocyte subsets compared to
intermediate and non-classical monocytes (49). On the other hand,
non-classical monocytes are reported to express higher levels of
FcR-3A (FcR-mediated phagocytosis) gene than the other two
subsets (50). These two properties were expected to alter the
frequencies of the monocyte subsets in the active infection group
or recovered participants, but our data suggest that monocyte
subsets are not affected by COVID-19 during active infection or
after recovery. Furthermore, two studies have shown that
intermediate and non-classical monocytes were altered in
convalescent COVID-19 patients; however, the extent of these
alterations was inconsistent between the two studies (51, 52). The
discrepancy between our ndings and those of others may be
attributed to factors such as vaccination status, virus strain, or
sample size.

Consistent with the allele distributions observed in our study,
the presence of several previously reported HLA risk alleles in
severe cases suggests that host immunogenetic variation may
in uence COVID-19 disease outcomes in this population. Several
alleles previously associated with severe disease in other
populations, including HLA-A*03:01:01, HLA-B*08:01:01, HLA-
DQB1*03:01:01 and HLA-DRB1*12:22, were observed exclusively
in severe C-19RPs. These ndings are consistent with studies
conducted in European and other non-African populations that

10.3389/fimmu.2026.1699992

have reported associations between these alleles and increased
susceptibility or more severe clinical outcomes (13, 14). These
alleles in our study also suggest that certain immunogenetic
mechanisms in uencing SARS-CoV-2 pathogenesis may be
shared across diverse ancestral backgrounds.

At the same time, several alleles associated with milder disease
outcomes, such as HLA-A*02:02, HLA-C*05:01:01, HLA-
DPB1*17:01 and HLA-C*08:02:01, were found only in non-severe
C-19RPs. These alleles have previously been linked to reduced
susceptibility or enhanced immune clearance, possibly through
more ef cient peptide presentation or NK cell-mediated
cytotoxicity (16-19). Although our sample size was limited, the
enrichment of these alleles in Tanzanian participants with mild
COVID-19 suggests a plausible protective mechanism that may
involve both innate and adaptive immune pathways.

Notably, several alleles found exclusively in either severity
group have not yet been reported in the context of COVID-19.
While their clinical signi cance remains to be established, the
detection of these potentially novel associations highlights the
value of studying African populations, which harbor some of the
highest levels of HLA genetic diversity globally. Previous studies
have shown that sub-Saharan African populations exhibit
extensive HLA polymorphism and unique haplotypes that are
underrepresented in global genomic datasets (53-55). Our

ndings, therefore, reinforce the importance of including African
cohorts in immunogenetic studies of infectious diseases, as they
may reveal population-speci ¢ immune signatures that remain
undetected in predominantly Eurocentric studies (56). Larger
studies integrating HLA genotyping with clinical, virological, and

FIGURE 7

A schematic summary of the main study ndings and conclusions. The antibody and nucleic acid icons were adapted from Servier Medical Art
(https://smart.servier.com/), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). .
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