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a b s t r a c t

Background: Madagascar has undergone multiple and robust COVID-19 waves. The resulting immune 
background developed by its poorly vaccinated population has however not been described.
Methods: In this study, serological analysis and specific T cell response descriptions were used to describe 
the history of exposures of the capital’s blood donors to SARS-CoV-2 and its VOCs. Samples were collected 
early 2022, and pools of multiple immunogenic peptides of SARS-CoV-2 were used in an IFN-γ secretion 
ELISPOT assay to characterize the specific T-cell immunity developed against these potential epitopes.
Results: Multiple epidemic waves have led to 92.1% of donors having detectable antibodies, and 94.8% 
having developed T-cells against SARS-CoV-2. Heterogeneous reactivities to different strain-derived pep-
tides suggested multiple immunological backgrounds in the population including 16.1% of individuals ex-
posed at least once to a unique strain, 27.1% to two strains, 28.5% to three strains, and 23.1% to four distinct 
strains.
Conclusions: Cross-reactivity increased with multiple exposures but did not decrease the risk of re-infec-
tion. These results describe the extremely complex immunological background developed following mul-
tiple natural immunizations.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health 

Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/li-
censes/by-nc-nd/4.0/).

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
was first detected in Wuhan, China, in the late of 2019 causing a 
disease known as coronavirus disease 19 (COVID-19) [1,2]. The dis-
ease became a pandemic and more than 625 million infections had 
been reported worldwide, with over 6 million deaths [3].

With waning immunity and the emergence of new variants of 
concern (VOCs), the world has experienced many epidemic waves. 
The establishment of specific immunity targeting these VOCs seems 
required to neutralize these new VOCs and slow the epidemics 
down. Successful resolution of COVID-19 was associated with the 

presence of T-cells and antibodies [4]. Studies of acute, convalescent 
COVID-19 patients and vaccinated individuals have showed that 
SARS-CoV-2-specific T cell responses are significantly associated 
with milder disease, suggesting that T cell responses may be im-
portant for control and resolution of a primary SARS-CoV-2 infection 
[5–8]. Previous studies reported SARS-CoV-2-specific T cell re-
sponses against spike, nucleocapsid, and membrane protein in SARS- 
CoV-2 unexposed individuals, indicating the presence of pre-existing 
cross-reactive T-cells populations that developed after prior 
common cold coronavirus infections. The spike S1 of SARS-CoV-2 
has low resemblance to the spike S1 of endemic coronaviruses [9]. 
Therefore, S1-specific T-cells of SARS-CoV-2 should represent cells 
having derived from SARS-CoV-2 infection.

Studies conducted in Israel have showed the impact of high 
vaccination coverage on the course of the epidemic, including the 
decline in circulation of the Alpha VOC by 2021[10,11]. Another 
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study found that vaccination increases immunity of individuals with 
a history of natural infection[12,13]. Studies analysing the capacity of 
seroneutralisation from people receiving two and three doses of 
vaccine showed a neutralizing activity to all the VOCs except Omi-
cron (O) subvariant (B.1.1.529)[14,15]. A study in Israel found that 
natural immunity acquired after infection of SARS-CoV-2 in children 
aged 5–11 years and adolescents aged 12–18 years protected them 
for 18 months based on re-infection during the circulation of Delta 
(D) (B.1.617.2) VOCs but the immunity acquired didn’t predict the 
protection against new VOCs like O[16]. No studies published to date 
have focused on the characterization of the immunity following 
multiple natural immunisations.

From March 2020 to February 2022, Madagascar was hit by three 
COVID-19 waves (two unimodal ones and a 3rd bimodal one). A first 
serological study of blood donors showed that 40% of this population 
was immunized during the first wave of 2020. Interestingly, this 
populational immunity seemed sufficient to dramatically reduce the 
circulation of the virus during the first epidemic wave[17]. The 
second epidemic wave Madagascar underwent was caused by the 
introduction of a Beta (B) (B.1.351) VOC, as demonstrated by our later 
reported B-specific serosurvey. Again, about half of the population 
being immunized seemed sufficient to reduce the circulation of the 
virus during this second wave[18]. Despite the immunity acquired 
during the two first waves, the country has undergone more epi-
demic waves. Unlike during the two first ones however, serological 
interpretation and association to new VOC circulation was not 
completely possible despite Delta and Omicron circulation identifi-
cation.

Describing the complexity of immunizations to SARS-CoV-2 in 
the Malagasy population is helpful to determine the level of pro-
tection against the disease and future emerging VOCs, given the 
relatively low vaccine coverage in Madagascar and the poor 
knowledge of the history of infection of the population of 
Antananarivo.

Indeed, no study has yet investigated the outcome of multiple 
VOCs circulations in a poorly vaccinated population. We describe for 
the first time the complex immune backgrounds developed by 
multiple SARS-CoV-2 strain circulations in an adult population 
through a characterization of the T response to SARS-CoV-2 and its 
variants (VOCs) peptides in the population of blood donors in 
Antananarivo, the capital of Madagascar.

Materials and methods

Study population and blood collection

Between January and April 2022, this study was conducted at the 
Analamanga Blood Transfusion Centre (BTC) in Antananarivo, 
Madagascar. The study population is subject to biases due to blood 
donation inherent restrictions previously described [17]. This study 
enrolled 669 blood donors, but excluded 167 (25%) who had tested 
positive for routine blood bank tests such as HIV, hepatitis B and 
syphilis, which impede T-proliferation and bias the analyses [19–21]. 
Nevertheless, 502 individuals (75%) were compliant with the study 
and included after non-opposition to the study (appendix O). In-
dividuals are representative of diverse socio-economic and socio- 
cultural backgrounds. Extensive discussion regarding the popula-
tional representativeness of Antananarivo blood donors is available 
in published articles [17,18].

Twenty ml blood samples were collected from blood bags in ci-
trated tubes and promptly sent to the Infectious Diseases 
Immunology Laboratory of the Pasteur Institute of Madagascar. 
These samples were obtained from blood donors aged 18–67, and 
their demographic data, including gender, age, blood collection date, 
and place of residence, were recorded (see Table 1). This study is part 
of the SARS-CoV-2 surveillance conducted by the Pasteur Institute of 

Madagascar and has received approval from the Ethics and Biome-
dical Research Committee of the Ministry of Public Health (CERBM: 
IORG0000851).

PBMC and serum isolation

For all samples collected, peripheral blood mononuclear cells 
(PBMCs) were isolated from whole blood by density gradient cen-
trifugation over Ficoll and cryopreserved in − 80 °C within four hours 
after collection until ELISPOT analysis. PBMCs were stored at − 80 °C 
for no longer than three months. Plasma was stored at − 20 °C.

ELISPOT and serological assays

SARS-CoV-2 ELISPOTs were performed using the Human IFN-γ 
ELISpotPLUS kit (catalog #3420–4APW-10, Mabtech) following the 
manufacturer’s guidelines (appendix A). PBMCs were thawed and 
only samples with a viability of over 70% were included in the 
analysis (Appendix B and F). Highly immunomodulatory peptides 
spanning the spike S1 protein of SARS-CoV-2 were selected on 
www.iedb.org (appendix C). The method based on the Expectation- 
Maximization (EM) algorithm was used to establishing scores cor-
responding to individual peptide responses (appendix D).

Multiplex serology was performed using Luminex technology 
targeting IgA and IgG anti-Nucleocapsid (NP) or the Receptor 
Binding Domain (RBD) of SARS-CoV-2 (appendix E)[22].

Statistical analysis

Data was analyzed using Prism software V 8.0.1 (GraphPad, 
California). A Chi-square test was used to compare distribution of 
relative scores from each profile, a Mann-Whitney test was used to 
compare medians of each measured response reflecting cross- 

Table 1 
Characteristics of the participants. 

Donors N = 669

Mean Age (min-max) 34 (18–67)
Gender
Male 477
Female 171
N/A 21
Donor category
FBD 607
RVBD 15
Others BD 32
others 15
Blood type
O+ 282
B+ 159
A+ 146
AB+ 28
B- 3
O- 3
A- 1
N/A 47
Region of provenance
Analamanga 650
Itasy 2
Haute Matsiatra 1
Vakinakaratra 1
N/A 15
Excluded from the study 167
HBV positive 19/669
Syphilis positive 15/669
VIH positive 2/669
HCV positive 1/669
No serological results 68/669
Insufficient blood volume 62/669

RVBD, regular voluntary blood donor; FBD, family blood donor
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reactivity and an ANOVA test was used to determine any statistically 
significant difference between the means of the measured cross- 
reactive response for all profiles. The significance level was set at 
p  <  0.05. HeatMap figures were made using CHM builder, available 
at https://build.ngchm.net/NGCHM-web-builder/[23]. The Alluvial 
plot was created using R Studio.

Results

SARS-cov-2 spike protein leads to multiple potentially immunogenic 
peptides

Using IEDB (www.iedb.org), we identified 81 highly im-
munomodulatory peptides from SARS-COV-2 Spike S1 protein re-
ferenced at least twice and corresponding to peptides specific to W 
strain and most common VOCs in Madagascar early 2022 (B, D, O 
and other VOCs). Among these 81 peptides; 22 mapped with all 
strains; ten mapped within Wuhan strain (W) and B mutated pep-
tides; eight mapped within W strain and D mutated peptide; two 
mapped within W strain and O mutated peptides; one mapped 
within W strain, B and D mutated peptides and one interesting re-
gion mapped within W strain, B, D and O mutated peptides, that 
were apparently the four major circulating strains in Madagascar 
(Fig. 1). The six last peptides mapped within the W strain and other 
VOCs not responsible for an epidemic wave in Madagascar.

Blood donors possess T-cells activated by SARS-CoV-2 immunogenic 
peptides

PBMCs from individuals responded to stimulation by the peptide 
pools (appendix G). Each peptide was present in only two pools al-
lowing the subsequent identification of the epitope. The average 
number of spots per pool varied from 14 (95% confidence interval 
(95%CI), 12–17) to 31 (95%CI, 25–38) and from a minimum of 0 to 
maximum of 2368 spots per well (appendix H). For each individual, 
pooled-peptide spot-numbers were acquired and scores per peptide 
were calculated. The score associated to individual peptides varied 

from 0 to 10,287 (appendix I). Indeed, peptide-associated responses 
varied from one individual to another suggesting different response 
profiles. Almost all individuals responded to at least one of the 81 
selected peptides except one individual (ID 22–5298). Individuals 
responded on average to 42 of the 81 peptides. These results suggest 
that, as for the humoral responses, there is individual T-cell response 
variation to SARS-CoV-2 S1 derived peptide stimulation influenced 
by either immunization capacity or repertoire.

One single 15-AA RBD region contains sites undergoing mutations for 
4 VOCs

Given the multiple selected epitopes and potential cross re-
activities that may exist, we focused our analysis on a series of 
peptides specific to 4 strains known to have circulated in 
Madagascar, possibly responsible for the 4 epidemic waves the 
country had undergone. Peptides 4, 6, 57 and 65, corresponding to 
region 473–487 were therefore used to attempt to describe the 
history of exposures to W, B, D and O strains. This region, now on 
referred to as profile-defining peptides (PDP), is exposed and located 
in the RBD region[24]. The region has one mutation site for B 
(E484K), one mutation site for D (T478K) and three mutation sites 
for O which were, also, found in its sub-lineages (S477N, T478K and 
E484A) (appendix P).

Results showed a very characteristic exposure pattern that clas-
sified the donors in 5 distinct groups, 23.1% (95%CI, 19.6–27.0) with 
quadruple exposure to all four strains (W, B, D and O), 28.5% (95%CI, 
24.7–32.6) with exposure to three strains, 27.1% (95%CI, 23.4–31.1) 
with double exposure to two strains, 16.1% (95%CI, 13.2–19.6) with 
one exposure to one strain and 5.2% (95%CI, 3.6–7.5) with no ex-
posure (Fig. 2). Analysis of the results showed 16 responses profiles 
according to the exposure backgrounds of each individual to the four 
strains (Table 2).

Individual peptide responses within a same profile were highly 
correlated to one another. Indeed, Intraclass Correlation Coefficients 
(ICC) ranged from 0.57 to 0.88 for profiles 2–16. Only profile 1 

Fig. 1. Flow chart for epitope selection using www.iedb.org (march 2022) SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; MHC, major histocompatibility complex; 
iedb, immune epitope database and analysis resource; W, Wuhan strain; VoCs, variants of concern; B, Beta; D, Delta; O, Omicron.
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individuals showed a relatively lower ICC (0.022) possibly due to the 
stringency of the test (appendix Q).

Multiple exposures increase cross reactivity

T cell responses to the 81 peptides were analysed and plotted. 
Hierarchical clustering grouped individuals in seemingly three 
groups: about 24% of individuals belonged to high responders 
(n = 121), 60% to medium responders (n = 299) and the last 16% to 
low responders (n = 82) (appendix R).

For each of the 16 previously described profiles, cross-reactivity 
investigation was then performed using responses to strain-specific 
peptides outside the 473–487 region (10 peptides for B, 8 for D, 2 for 
O). No peptide outside the 473–487 region was W strain-specific. 
Relative score was used to measure the cross-reactivity defined as 
the percentage of response to the above mentioned-peptides that do 
not belong to the strain which defines the profile of each individual.

D peptides cross-reactivity analysis was represented respecting 
the chronology of strain detections. There was an apparent increase 
in relative cross-reactivity scores for samples having been exposed 
most “Recently” (p  <  0.0001) (Fig. 3B). Indeed, recent infections are 
suspected to be due to either D or O (3rd bimodal wave having oc-
curred less than 6 months from blood collection). Older ones include 
W and B ones (two first waves having occurred more than 6 months 
from blood collection). This result although validating our im-
munization profiling method using PDP (as individuals profiled as 
having been exposed recently have higher scores than those exposed 
a long time ago, and are expected to show lower T cell reactivity thus 
scores) led us to only investigate cross-reactivity (to D and O) de-
veloped by individuals exposed to SARS-CoV-2 during the two first 
waves. We thus considered the time since last immunization as 
identical for each group: W (previous immunization with the W 
strain), B (previous immunization with B VOC), WB (previous im-
munization both with W strain and B VOC). This analysis showed a 
significantly increased D cross-reactivity score with two exposures 
(WB) versus W or B single exposures (44.3% vs 30.4% respectively, 
p = 0.0308) and versus a single W exposure (24.9%, p = 0.0106) 
(Fig. 3 C). For O cross-reactivity, this trend was also observed when 
comparing cross-reactivity scores in the same profiles but did not 
reach significancy due in part to only two peptides being associated 
to O only (Fig. 3D).

Cross-reactivity does not prevent new infections

We then analysed the theoretical profile evolution over the years 
to investigate whether increasing natural immunization, thus the 
number of strain exposures, would protect individuals from new 
emerging strain infection. Profile evolution did not seem to be in-
fluenced by previous natural immunization. In fact, we found that 
surprisingly, the probability of being infected by B during the second 
wave was actually higher but did not reach significance or in-
dividuals from the W pre-immunized group than for those from the 
naïve group (50.6% vs 42.0% respectively, P = 0.0666). No advantage, 
no decrease in reinfection probability was gained through prior 
multiple immunizations during the D and O wave. The probability of 
not being infected during these waves was 7.9% for WB pre-im-
munized individuals, 8.1% for W pre-immunized individuals, 21.6% 

Fig. 2. Heat map of the T cell profiling of Antananarivo’s blood donors. NG-CHM Builder, next-generation clustered heat map builder, https://build.ngchm.net/NGCHM-web- 
builder/. RBD, receptor-binding domain; NP, nucleocapsid protein; IgG, immunoglobulinG; IgA, immunoglobulin A; W, Wuhan strain; CI, confidence interval.

Table 2 
Profiles identified by the 4 PDPs. 

Profils (#) n % (95%CI) n % (95%CI) n strain 
exposures

WBDO (1) 116 23.1 (19.6–27.0) 116 23.1 (19.6–27.0) 4
WDO (2) 94 18.7 (15.6–22.4) 143 28.5 (24.7–32.6) 3
WBD (3) 19 3.8 (2.4–5.8)
WBO (4) 17 3.4 (2.1–5.4)
BDO (5) 13 2.6 (1.5–4.4)
BO (6) 38 7.6 (5.6–10.2) 136 27.1 (23.4–31.1) 2
WD (7) 37 7.4 (5.4–10.0)
DO (8) 24 4.8 (3.2–7.0)
WO (9) 17 3.4 (2.1–5.4)
WB (10) 13 2.6 (1.5–4.4)
BD (11) 7 1.4 (0.7–2.9)
O (12) 37 7.4 (5.4–10.0) 81 16.1 (13.2–19.6) 1
B (13) 16 3.2 (2.0–5.1)
D (14) 15 3.0 (1.8–4.9)
W (15) 13 2.6 (1.5–4.4)
Neg (16) 26 5.2 (3.6–7·5) 26 5.2 (3.6–7.5) 0

PDP, profile defining peptide; n, number of positive samples; 95%CI, 95% confidence 
interval; W, Wuhan strain; Variant of concern: B, Beta; D, Delta; O, Omicron.
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for B pre-immunized individuals and 25.5% for naïve individuals 
(appendix J) counterintuitively suggesting W pre-immunization as a 
risk factor for further natural immunization.

All Antananarivo blood donors have had COVID-19

Serological analysis was performed for all samples. The results 
regarding anti-RBD and anti-NP IgG/IgA seropositivity are presented 
in the Appendix K, L. The IgG and IgA seropositivity were respec-
tively 76.0% (95%CI, 72.1–79.6) and 16.1% (95%CI, 12.7–20.2) for anti- 
NP; and 82.0% (95%CI, 78.4–85.2) and 75.0% (95%CI, 70.4–79.1) for 
anti-RBD respectively. The seroprevalence of the more persistent 
antibodies, anti-RBD IgGs, added to the SARS-CoV-2 specific T-cell 
positivity (samples producing IFN-γ upon stimulation with one of 

the 4 specific PDP) showed that 99.0% (95%CI, 97.7–99.6) of blood 
donors were infected a least once by SARS-CoV-2 (appendix M), 
whatever the circulating strain.

Discussion

BTC sampling enabled fast and efficient high quality PBMC-col-
lections. Despite this population not being entirely representative of 
the general population, we have shown previously that correcting 
crude data from this population (over-representing young adult 
males) generates data extremely close to crude values and indicates 
that this study population is coherent for population immunity in-
vestigations in the Malagasy setting[17]. Another major limitation of 
the study is the absence of pre-pandemic negative control samples 

Fig. 3. Immunisation profile evolution and cross reactivity investigation. A) Profiles evolution during Madagascar’s 3 epidemics waves. B) Delta cross-reactivity among the 7 
profiles showed a significant decrease between recent profile (WBO) and older ones (W). Bars show the mean ±  SD. Statistics calculated by one-way ANOVA (***p  <  0.001). C) 
Delta cross-reactivity among single exposures (W or B) and double one (WB), bars show the mean ±  SD. Statistics calculated by Mann-Whitney test (*p  <  0.05; ns, non- 
significant). D) Omicron cross-reactivity among single exposures (W or B) and double one (WB), bars show the mean ±  SD. Statistics calculated by Mann-Whitney test (*p  <  0.05; 
ns, non-significant). W, Wuhan strain; B, Beta; D, Delta; O, Omicron.
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and other control samples resulting from “clean”, single- and mul-
tiple- strain-described immunizations for T cell reactivity valida-
tions. These types of samples were no longer accessible in 
Madagascar due to COVID-19 epidemic linked liquid nitrogen 
shortages. Nevertheless, the T cell response-based approach used in 
this study utilized tools that have already been validated in several 
studies. Indeed, the analyses were carried out using a commercially 
available kit (see M&M section), which has been validated and em-
ployed in 1691 published studies (catalog #3420–4APW-10, Mab-
tech). Furthermore, the characterization of the exposure history was 
conducted on an immunomodulatory antigen, described in other 
studies, located in the RBD region that was selected from the Im-
mune Epitope Database[4,25]. This region is noteworthy for con-
taining mutation sites specific to the four SARS-CoV-2 variants 
analyzed in this study. Abdo A. Elfiky highlighted its significance in 
the interaction of the SARS-CoV-2 virus with its receptor[24].

The results provided by this study have enabled us to describe 16 
distinct cellular response profiles established in the Antananarivo 
BTC after the three waves of COVID-19 that the country had un-
dergone early 2022. The ELISPOT results obtained show that se-
lecting epitopes according to our strategy highlighted specific 
immunogenic epitopes specific to SARS-CoV-2 strains that were able 
to activate collected samples.

Peptides exposed at the surface of RBD in region 473–487 and 
presenting signature mutations to the three main VOCs and to the W 
strain that have circulated in Madagascar allowed us to describe the 
history of exposures for each investigated sample. Indeed, these 
selected peptides have the specificity to present unique and char-
acteristic mutations of each VOC and have been linked to their 
virulence and pathogenicity. Indeed, the E484K mutation found in B 
VOC allows it to escape neutralizing antibodies[26]. The D VOC as-
sociated T478K mutation, the S477N and T478K mutations have been 
shown to increase the affinity of O for its receptor ACE2[27] and 
E484A acts negatively on the recognition of pre-existing neutralizing 
antibodies[28]. The results obtained here allow us to gain insight 
into the frequencies of exposure to each of these strains and their 
associated characteristics.

The complex pattern of multiple exposure profiles described in 
this study illustrates to what extent SARS-CoV-2 and its VOCs have 
naturally immunized the Malagasy population of Antananarivo. 
These results have allowed us to describe the response profile im-
plemented in a low vaccination population following multiple epi-
demic waves. These profiles suggest different protective patterns 
that were not evaluated in this study. A mathematical modelling- 
based study however, in US population found increased protection 
against infectivity and severity of the SARS-CoV-2 variant among a 
multiple exposed population (multiple infection or infection and 
vaccination or vaccination and boosters)[29].

The first wave in 2020, characterized by the circulation of the W 
strain, was ended once an immunization rate of 42% was reached 
(95%CI, 41–43) among blood donors[17]. This populational ser-
oconversion was accompanied by a specific T cell response and was 
followed by the establishment of an immune memory, assessed by 
65% (95%CI, 61–69) of samples reactive to peptide # 6 (W of PDP) in 
the present study. This higher value than the immediately after wave 
measured seroprevalence could be explained by the stealth circu-
lation of the W strain ever since. The second wave of 2021 was 
triggered by the introduction of B VOC and occurred despite the 
close to 50% immunization rate described previously. B VOC specific 
serological responses were found in 63% of “recent” second wave 
seroconversions, or 30% in all tested donors[18]. Coherently, in this 
study, we have shown that 48% (95%CI, 43–52) of the blood donor 
population developed T-cells specific to B VOC of which 69% (63−75) 
were exposed to both the ancestral W strain and B VOC. The re-
sponse patterns described in our analysis show specific T-cell es-
tablishment following each of these two first epidemic wave in 

Madagascar. The third bimodal waves of 2022 were apparently due, 
at least in part, to the circulation of two highly transmissible VOCs: D 
and O[30]. Analysis of blood donor samples showed high T cell re-
activity to both D (65%[95%CI, 60–69]) and O (71%[95%CI, 67–75]) 
peptides # 4 and 57 (PDP) respectively (Fig. 3 A and appendix N). The 
circulation of these VOCs during the third wave seems to explain the 
two observed epidemic peaks in Madagascar[3]. Studies in South 
Africa have shown similar patterns for the epidemic waves showing 
that the first wave is due to the ancestral W strain, the second to B 
VOC, the third to D VOC and the fourth to O VOC[28]. The different 
response patterns described in this study thus enable us to validate 
the history of natural infections that have led to the complex im-
munization the Malagasy blood donor population has acquired fol-
lowing these three different epidemic waves.

Cross-reactivity investigation showed an apparent increase for 
samples having been exposed most recently during bimodal wave D and 
O. This confirmed our immunization profiling method using PDP. Indeed, 
individuals profiled as having been exposed to D and O VOCs during the 
third wave showed the highest scores whereas those exposed to W 
strain and B VOC showed lower ones. This result shows that individuals 
gradually loose specific T-cells as demonstrated by others[31,32]. Our 
quantitative cross-reactivity analysis could thus only be performed in a 
context of immunizations having taken place at the same time. The 
quantitative results obtained with PDP, however, enabled qualitative 
profile definition. It is noteworthy that the profiles showing increased 
cross-reactivity (multiple strain exposures) did not show protection from 
infection during the next wave.

In Madagascar, COVID-19 epidemic waves are accompanied by 
low testing that underestimates the immunization undergone by the 
population that is in reality significant[33]. The present study 
highlights the importance of specific antibody testing and T cell 
response analysis to monitor the natural immunization undergone 
by the population by SARS-CoV-2. Indeed, our study showed that by 
April 2022, 94.8% of the collected samples produced IFN-γ upon 
stimulation with the 4 specific peptides from PDP and that 99.0% of 
blood donors had been infected a least once by SARS-CoV-2. Despite 
the low vaccination rate at time of collection (4%), T-cells response 
immunization investigation gave evidence of a complex immuniza-
tion of the Malagasy population, needing to be better described in 
terms of aptitude to re-infection[34].

The complex populational immunization profiles found in 
Antananarivo have led to populational immunity. Nevertheless, a 
new epidemic wave hit Madagascar once again as early as June 2022. 
Ninety-five, 79%, 51% and 23% of individuals had however already 
been infected at least once, twice, three times, and four times re-
spectively when the epidemic started, suggesting these prior-im-
munization profiles were not sufficient to prevent a new series of 
infections, that have most probably led to an even more complex 
pattern of immunization among which individuals have been in-
fected at least five times by five different strains of SARS-CoV-2.

This study demonstrated a highly antigen-reactive population to 
SARS-CoV-2 after three epidemic waves and the circulation of four 
SARS-CoV-2 strains. The majority of individuals (95%) had T-cells 
that produced IFN-γ upon stimulation by at least one out of the four 
strain restricted peptides. Twenty-four percent produced IFN-γ re-
gardless the strain-specific peptide from PDP suggesting these in-
dividuals had been infected by all four strains having circulated in 
Madagascar. These results show gradual enlargement of the re-
pertoire, a priori, by natural immunizations. Our study of cross-re-
activity, however, seemed to show a lack of cross-reactivity 
conferred protection from a later infection and would have de-
creased the probability of undergoing a subsequent infection by 
another strain, most probably due also in part to the biology of the 
circulating VOC itself and to its specific escape mechanisms. 
Although the protection conferred by these multiple immunisations 
was not investigated in this study, recent evidence has shown that a 
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previous infection highly protects against severity by 90.2% for W 
strain and VOCs (Alpha, B and D) previous infections and 88.9% by O 
BA.1 previous infection for up to 40 weeks[35].

Vaccinating a naturally immunized population establishes 
stronger hybrid immunity[26,36]. Yet, vaccinating a population with 
a complex immunity resulting from multiple prior immunizations 
may not be a priority. More research is needed to understand these 
immune profiles including the potential immune mechanisms re-
sulting protection from severity.
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