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Introduction: In Ghana, at least five different COVID-19 vaccines based on

mRNA or adenovirus vector delivery platforms have been authorized by the

Ghana Health Service for vaccination. Although these vaccines have been

instrumental in the control of COVID-19, data on the longevity of induced

immunity in vaccinated individuals in Ghana is limited. This study aimed at

assessing the cellular immune response kinetics among Ghanaians receiving

booster vaccinations with the mRNA-based Pfizer and adenovirus-based

Janssen COVID-19 vaccines.

Methods: We conducted a longitudinal study using 48 Ghanaian adults who had

completed primary vaccination series and administered a booster shot with either of

the two vaccines. Pre-booster blood samples were collected to serve as the

baseline, and post-booster samples at months 3, 6, and 9 for immunological

analysis. T-cell responses were assessed using Luminex multiplex assay following

stimulation of Peripheral Blood Mononuclear Cells (PBMCs) from study participants

with SARS-CoV-2 antigens, whereas immune checkpoint molecules expression was

assessed by flow cytometry.

Results: Appreciable levels of the Th1 cytokines IL-1b, IL-6, IFN-g and TNF-a and

low levels of IL-2, IL-12 and IL-17A were observed in both groups. The Janssen

vaccine booster elicited a more sustained cellular response over the nine

months, while the Pfizer vaccine booster group showed signs of response

decline after three months. Further sub-analysis showed that persons who

received an mRNA-based primary vaccination before a viral vector vaccine

booster had more durable cytokine responses. Checkpoint molecules, PD-1,
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CTLA-4 and TIM-3 were expressed at low levels (<10% of CD4+ or CD8+ T cell

population with p-values > 0.05) and comparable between the two groups over

the nine months.

Discussion/conclusions: Levels of some cytokines were generally more

sustained in the Janssen group compared to the Pfizer group. Heterologous

vaccine recipients exhibited more efficient cellular immune responses compared

to homologous recipients. In addition, T-cell inhibitory molecule kinetics

suggests an efficient T-cell activity. These findings may have implications for

the overall induction of long-term protective immunity by the two vaccine types.
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Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-

CoV-2) is responsible for the COVID-19 pandemic which began

in December 2019. As of June 2024, with over 775 million

confirmed cases and 7 million deaths worldwide, it is the

deadliest pandemic of the 21st century (1). COVID-19 causes

asymptomatic infections or mild symptoms such as chills, fever,

myalgia, taste and smell loss, coughing, and exhaustion, with severe

cases leading to conditions such as pneumonia, acute respiratory

distress syndrome, cardiomyopathy, and encephalopathy (2, 3).

SARS-CoV-2 is transmitted either directly through respiratory

droplets and aerosols or indirectly through contaminated

surfaces. In Africa, the epidemiology of COVID-19 was unique,

with fewer mortality and morbidity reported and over a third of

reported cases being asymptomatic (4–6). SARS-CoV-2 is a single-

stranded, positive-sense, non-segmented RNA virus with an

envelope, and belongs to the beta-coronaviruses genus of the

Coronaviridae family with its genetic sequence closely resembling

that of SARS-CoV-1 and MERS-CoV (7–9).

Immune protection against SARS-CoV-2 is achieved by natural

infection and vaccination. Among the various preventive measures,

the development of vaccines against SARS-CoV-2 was unparalleled,

involving several novel platforms. These included Janssen

(Ad26.COV2. S), Pfizer (BNT162b2), Oxford-AstraZeneca,

Moderna (mRNA-1273), and Sputnik V vaccines, all of which

encode the full-length Spike protein of SARS-CoV-2 (10–13).

SARS-CoV-2 vaccination initiates CD4+ T-cell response,

beginning with the activation of naïve CD4+ T cells and their

differentiation into effector T cells, which direct antiviral function

(14). Effector T-cells trigger the production of cytokines that

coordinate activation, maturation, and function of T and B

lymphocytes to generate antigen-specific immune responses to

vaccination or natural infection. After T-cells complete their

effector role, many of them die off, with a few remaining as long-

lived cells. A fraction of T cells also differentiates into memory cells,

which may persist for years even after viral clearance (15). Also,
02
COVID-19 is characterized by an excessive inflammatory reaction

marked by increased levels of various pro-inflammatory cytokines,

including IL-1b, IL-6, TNF-a, IL-12, IFN-g, IL-17 and others (16).

Based on statistics available to the Ghana Health Service, as of

December 2023, over 28 million COVID-19 vaccine doses had been

administered to 14.87 million persons (43.7% of the 34 million

population) in Ghana, with 11.78 million persons (34.6%)

completing the required vaccination schedule. The vaccines

administered included Pfizer, Moderna (mRNA-based vaccines)

as well as AstraZeneca, Janssen and Sputnik-V which used non-

replicating viral vector platforms, each with distinct immunological

profiles. mRNA vaccines have been shown to be safe and elicit

higher levels of neutralizing antibody titers and T-cell responses;

however, these wane more rapidly than the responses elicited by

viral-vectored vaccines, which induce more robust and longer-

lasting T-cell and antibody responses (12, 17). The observed

waning immunity over time, coupled with the emergence of

SARS-CoV-2 variants exhibiting substantial Spike protein

divergence from the original strain used for vaccine development,

indicates a potential decrease in vaccine efficacy against infection

and/or disease (18, 19). This waning immunity could be

complemented with intermittent booster vaccinations which

have been partly shown to overcome T-cell exhaustion, although

the duration is not clearly defined. Contrarily, prolonged vaccine-

induced T-cell stimulation can lead to an immunological

imbalance (20). These phenomena necessitate the development of

new vaccines that account for spike protein diversity or the use

of repeated booster shots of existing vaccines to ensure the

maintenance of clinically relevant levels of immunity against

COVID-19.

With African countries facing the challenge of access to

COVID-19 vaccines during the pandemic, different combinations

of vaccines were sometimes administered to recipients of vaccines

that required two shots to complete vaccination (21, 22). In this

study, we sought to assess the immunological outcomes of booster

vaccinations administered in either a homologous (booster vaccines

developed on the same or similar platforms to vaccines with which
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participants were previously vaccinated) or heterologous (booster

vaccines developed on different platforms to vaccines with which

participants were previously vaccinated) regimen. By examining

these regimens, we seek to better understand the magnitude and

quality of immune responses in individuals receiving either type of

booster. Emerging evidence suggests that heterologous booster

vaccination may enhance immune responses by engaging different

antigen-presenting cells, stimulating diverse T- and B-cell

responses, ultimately leading to broader and more durable cellular

and humoral immunity (23). Previous studies have shown that

heterologous boosting can enhance both humoral and cellular

immune responses, offering a prospective benefit of broader and

more durable immunity against variants of SARS-CoV-2 (24, 25).

While SARS-CoV-2 vaccination outcomes have been

extensively researched, there is much less information on the

kinetics of the cellular immune response, as most studies have

focused on humoral immunity. This study investigated cellular

immune responses to the Pfizer and Janssen COVID-19 vaccines

over a nine-month period after their use as boosters in a cohort of

fully vaccinated Ghanaians. By analyzing T cell frequencies,

cytokine production, and immune checkpoint molecule

expression, we aimed to elucidate the dynamics of cellular

immunity, evaluate the effects of different vaccine combinations,

and identify the optimal timing for periodic booster vaccination.

The findings from this study are vital for evidence-based

recommendations for COVID-19 booster strategies and provide

critical insights for optimizing vaccination approaches to achieve

long-term immune protection. We hypothesized that Janssen

booster recipients will exhibit a more durable immune profile

compared with Pfizer over a nine-month period. Additionally,

heterologous vaccination would induce more durable cellular

responses than homologous regimens.
Materials and methods

Study design, location and sample size

This study was conducted in Legon, an urban suburb of

Accra, the capital of Ghana and its surrounding communities

from November 2022 to October 2023. This was part of a

larger longitudinal study titled “Comparative Assessment of

Immunological Response and Response Longevity of Different

COVID-19 Vaccines within the Ghanaian Population” based at

the Noguchi Memorial Institute for Medical Research (NMIMR),

University of Ghana. Study participants had completed the primary

vaccination series (either a single or double dose regimen) at least 6

months prior to the start of this study and were eligible to receive a

booster dose. Participants were enrolled at vaccination centers in

and around the University of Ghana– Legon campus. Venous blood

samples were drawn before booster vaccination and subsequently at

months 3, 6 and 9 after booster vaccine administration for

immunological analysis. For this study, samples from forty-eight

(48) persons, including 24 who received the Janssen vaccine booster

and 24 who received the Pfizer vaccine booster, were used. The
Frontiers in Immunology 03
sample size of 48 is based on sample size estimated in G*Power

software (version 3.1.9.7) to be able to detect a medium effect size of

0.25 between the two booster vaccination groups with a power of 0.8

and at an alpha level of 0.05.
Ethical considerations

Ethical approval was sought from the Institutional Review

Board of NMIMR (NMIMR-IRB, approval number CPN 010/22-

23), after obtaining scientific approval from the NMIMR Scientific

and Technical Committee. Written informed consent was sought

from each study participant prior to inclusion in the study. All

experiments were conducted in compliance with the principles of

the Belmont Report and the guidelines of the Declaration

of Helsinki.
Sampling procedure

Forty-eight (48) persons who had completed a primary

COVID-19 vaccination regimen and met our inclusion criteria

were recruited into the study. The inclusion criteria were persons

aged between 18–70 years with a hemoglobin concentration of 10 g/

dl or more for females and 12g/dl for males and a negative

pregnancy test for females. Forty milliliters (40 ml) of venous

blood were collected from each participant into heparin tubes

before the booster vaccine administration. At each of months 3, 6

and 9 after booster vaccine administration, 40 ml of venous blood

were again collected. Collected samples were transported to the

laboratories of the Immunology Department at NMIMR for

peripheral blood mononuclear cells (PBMCs) isolation.
Peripheral blood mononuclear cell
isolation, storage and retrieval

PBMCs from heparinized blood samples were isolated using the

density gradient centrifugation method with Ficoll-Paque™ PLUS

(Cytiva, Sweden). Twenty (20) ml of whole blood collected from

participants were added to 20ml of R0 (RPMI-1640 with L-glutamine

and penicillin-streptomycin) to achieve a two-fold dilution. Twenty-

five (25) ml of diluted blood was gently overlayed on 15 ml of Ficoll-

Paque™ PLUS in a 50 ml falcon tube and centrifuged at 1200 x g for

20 minutes at room temperature without brakes. The middle ring

band of mononuclear cells were collected using a 10 ml serological

pipette into a new tube and topped up to 40 ml with cell wash

medium (5% Fetal Bovine Serum in RPMI-1640). This was then

centrifuged at 300 x g for 10 minutes at room temperature without

brakes and the supernatant aspirated and discarded. After loosening

cells, 30 ml of cell wash medium were added and centrifuged at 300 x

g for 10 minutes at room temperature without brakes. Supernatants

were discarded and isolated cell pellets were resuspended in 10 ml of

cell wash medium, prior to counting and cryopreservation. Ten (10)

µl of cell suspension was added to 10 µl of 0.4% Trypan blue for cell
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viability and concentration estimation using an automated cell

counter. Cells were stored at 10 x106 or 20x106 cells per vial in

90% Fetal Bovine Serum + 10% Dimethyl Sulphoxide (Life Sciences

Technology, UK) first in strata coolers at -80°C and then transferred

to liquid nitrogen after 24 hours. Before experiments, stored PBMCs

were thawed at 37°C in a water bath for 1 minute and subsequently

washed with R10 (10% FBS, 1% Penicillin-Streptomycin in a specific

volume of RPMI). The cells were then counted, rested for 1 hour in a

water-jacketed incubator at 37°C and an atmosphere of 5% CO2, and

counted just after the 1-hour rest.
SARS-CoV-2 Spike receptor binding
domain RBD protein expression

The receptor binding domain (RBD) of the Spike (S) protein of

the SARS-CoV-2 ancestral strain was recombinantly expressed in

293 freestyle cell systems and purified to homogeneity as described

by Wrapp et al. (26).
PBMCs Stimulation with
phytohemagglutinin and S-RBD protein of
SARS-CoV-2

Rested cells were stimulated with PHA (2.5 µg/ml) as a

positive control, as well as with RBD antigens (10 µg/ml) at a

total volume of 500 µl per well using 24 well culture plate in a

water-jacketed incubator at 37°C and 5% CO2 for 48 hours. After

the incubation, supernatants (200 µl) were harvested into 96-well

culture plates (Corning Incorporated, USA) and stored at -80 °C

for Luminex Multiplex assay. The remaining cell fraction was

transferred to FACS tubes and stained for flow cytometry, as

described below.
Flow cytometric detection of immune
markers

Cells in FACS tubes were washed with 1X PBS and Staining buffer.

They were subsequently stained with fluorescent-labeled CD3 (PerCP-

Cy5.5; clone: UCHT1), CD4 (BV421; clone: SK3), CD8 (BV650; RPA-

T8), CD279 (PE-Cy7; clone: EH12.1), CD152 (APC; clone: BNI3),

CD45RO (FITC; clone: UCHL1) and CD366 (PE; clone:7D3) mouse

anti-Human antibodies from BD Biosciences. The stained cells were

incubated in a dark environment for 30 minutes and then washed with

staining buffer. Fluorescence light scatter of cell populations was

acquired using the BD LSR Fortessa X- 20 (BD Biosciences, USA).

(See Supplementary Figure 1 for gating strategy).
Luminex multiplex assay

The Luminex multiplex assay was used to evaluate the levels of

nine cytokines which are key in the induction of T-helper 1, T-helper
Frontiers in Immunology 04
2, T-helper 17 and immunoregulatory responses and in COVID-19.

The Human Premixed Multi-Analyte kit (Invitrogen, USA; 9-plex

panel with TNF-a, IL-1b, IL-12p70, IL-17A, IL-2, IL-4, IFN-g, IL- 10,
and IL-6) was used according to the manufacturer’s instructions

(Invitrogen, USA). Fifty microlitres (50 µl) of R10 was added to the

lyophilized antigen standard, vortexed for 10 seconds and incubated

on ice for 10 minutes to ensure complete reconstitution. Twenty-five

microlitres (25 µl) of the reconstituted standards were added to 225 µl

of R10, followed by four-fold dilution according to the

manufacturer’s instruction. After standard preparation, 50 µl of

vortexed magnetic bead solution were added to each well of the 96-

well Luminex plate. The plate was washed three times with 150 µl of

1X wash buffer. Fifty microliters (50 µl) of prepared standard, blank

(R10), and culture supernatants (samples) were added to their

designated wells and kept on a plate shaker for 30 minutes at a

speed of 500 x g at room temperature, after which it was incubated

overnight at 4°C. After overnight incubation, the plates were placed

on a plate shaker for 30 minutes at a speed of 500 x g, followed by

washing three times with 150 µl per well of wash buffer. Twenty-five

microliters (25 µl) of detection antibody were added to each well as

the next step, incubated on a plate shaker for 30 minutes at a speed of

500 x g, and then washed three times. Fifty microliters (50 µl) of

Streptavidin-PE were added to each well, and the plate was incubated

for 30 minutes on a shaker at 500 x g and washed three times. After

this step, 50 µl of amplification reagents 1 and 2 were added to each

well, followed by incubation for 30minutes on a shaker at 500 x g and

washed three times. Finally, 120 µl of reading buffer was pipetted into

each well and incubated for 5 minutes on a shaker at 500 x g. The

plates were then read using the Luminex MAGPIX analyzer (XMAP

Technology, USA).
Data and statistical analyses

Comma-Separated Values (CSV) files containing the mean

fluorescence intensity (MFI) data were obtained from the

MAGPIX analyzer and uploaded onto the kit manufacturer’s

online analysis app (ProcartaPlex app, ThermoFisher scientific).

The app converts MFI data into analyte concentrations (pg/ml)

using the titrated standards for each analyte contained in the

multiplex panel. Flow cytometry files (FCS) were exported from

the BD LSR Fortessa X- 20 and uploaded into the FlowJo analysis

software (version 10.10) and the appropriate gating to assess

expression levels of the selected immune markers (%) performed.

Friedman’s test was used to assess the longevity of the cellular

response and immune checkpoint molecule expression across the

four sampling timepoints, followed by Dunn’s multiple comparison

post-hoc test where necessary. The magnitude of the induced

response between the Janssen and Pfizer COVID-19 vaccine

recipients at each of the study timepoints were also assessed using

the Mann-Whitney U-test. GraphPad Prism (version 9.0) was used

for both statistical analysis and graphical presentations. A

generalized linear mixed effects model was fitted to the data in

the R statistics environment using the lme4 package and the glmer

function. The GLMM analysis estimates the fixed effect (booster
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type) on cytokine levels, while adjusting for covariates (age, sex and

prior vaccine type), taking into account random error variance due

to differences between participants and the different sample

timepoints. The model equation used: [cytokine_high ~

booster*prior_vaccine + age + sex + time + (1 | subject_id)].

Cytokine levels were dichotomized as ‘high’ or ‘low’ based on a

mean+2 S.D split, with values above being classified as high and

those at or below classified as low. A p-value of ≤ 0.05 was

considered statistically significant.
Frontiers in Immunology 05
Results

Demographic characteristics of study
participants

Samples from 48 participants were used in this study, with 24

participants receiving the Pfizer booster vaccine and the other 24

receiving the Janssen booster vaccine. Both groups consisted of 16

males and eight females. The median age of both the Janssen and
TABLE 1 Demographic characteristics of study participants.

Variable Level
Booster vaccines

p-value
Janssen (n=24) Pfizer (n=24)

Age mean (S.D) 26.0 (10) 26.0 (9.6) 0.63

Sex
males, n (%) 16 (66.67) 16 (66.67)

>0.99
females, n (%) 8 (33.33) 8 (33.33)

Prior vaccination platform
Viral vector, n (%) 17 (70.83) 12 (50)

0.24
mRNA, n (%) 7 (29.17) 12 (50%)
Comparison between groups were performed using the Fisher’s test for categorical variables and the MannWhitney U T test for age. Statistical significance was defined as P ≤ 0.05 was considered
statistically significant, SD: Standard deviation
FIGURE 1

Longitudinal analysis of IFN-g, TNF-a, IL-1b & IL-6 responses (pg/ml) in individuals who received the Janssen (A–D) or Pfizer (E–H) booster vaccines.
Friedman’s test and Dunn’s multiple comparisons were used for across timepoints comparison within the Janssen and Pfizer groups. M0 = Samples
taken before booster administration; M3, M6, and M9 = Samples taken at 3, 6, and 9 months after booster vaccine administration. Data points
represent the median and the error bars, the minimum to maximum range.
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Pfizer booster recipients was 26 years. Twenty-nine (29)

participants received booster vaccines developed on similar

delivery platforms as their primary vaccines (homologous group),

while 19 received boosters developed on a different platform from

their primary vaccines (heterologous group). The participants’ ages,

sex, and primary vaccination statuses were comparable (Table 1).
Individuals who received either the
Janssen or Pfizer booster vaccines over
nine months elicited appreciable levels of
cytokine responses

The longevity of booster-induced cytokine responses was

assessed and categorized as T helper 1 (IL-1b, IFN-g, TNF-a, IL-2,
IL-6, and IL-12), T helper 2 (IL-4), T helper 17 (IL-17), and

immunoregulatory (IL-10)-associated cytokines. In both Janssen

and Pfizer booster groups, comparable levels of T helper-1

associated-cytokines IL-1b, IFN-g, TNF-a, and IL-6 were expressed
Frontiers in Immunology 06
at pre- and post-booster time points with no statistically significant

differences observed (Figure 1). In the Janssen booster group, IL-6

levels were significantly higher at month 9 (Median: 620 pg/ml, [IQR:

154-746]) compared to month 6 (Median: 268 pg/ml; [IQR: 0.10-

596], p=0.04, Figure 1D), whereas in the Pfizer booster group, TNF-a
and IL-1b levels were significantly lower at month 9 (99 pg/ml [14-

570]; 37[7-276]) compared to month 3 (235 pg/ml[46-854], p=0.02;

103 pg/ml[22-492] p=0.03; Figures 1F, G). TNF-a levels also declined

significantly at month 6 (28 pg/ml [8-377]) compared to month 3

(235 pg/ml [46-854]; p=0.05, Figure 1F).

In the Janssen booster vaccine group, low levels of IL-2, IL-12, and

IL-17 were expressed, and this was not significantly different pre- and

post-booster vaccination (Figures 2A–C). A similar trend was seen in

the Pfizer vaccine recipients for IL-2 and IL-12 (Figures 2D, E);

however, IL-17 levels were significantly higher at month 3 (1.4 pg/ml

[0.32-37]) compared to month 6 (0.37 pg/ml [0.02-3.3], p=0.02) and

month 9 (0.70 pg/ml [0.03-18], p=0.02, Figure 2F).

The level of secreted T-helper 2 cytokine IL-4 was lower in both

vaccine groups and did not differ significantly pre- and post-booster
FIGURE 2

Longitudinal analysis of IL-2, IL-12, and IL-17 responses (pg/ml) in individuals who received Janssen (A–C) or Pfizer (D–F) booster vaccines.
Friedman’s test and Dunn’s multiple comparisons were used for comparisons across time points in the Janssen and Pfizer recipients. M0 = Samples
taken before booster administration; M3, M6, and M9 = Samples taken at 3, 6, and 9 months after booster administration. Data points represent the
median and the error bars, the minimum to maximum range.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1643083
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Osei et al. 10.3389/fimmu.2025.1643083
vaccination (M0 vs M3, M6 &M9; Figure 3). However, in the Pfizer

group, IL-4 levels dropped significantly from (2.5pg/ml [0.95-5.1])

at month 3 to (0.73pg/ml [0.07-2.9]; p=0.03, Figure 3C) at month 6.

Immunoregulation is key to ensuring optimal cytokine secretion

and avoiding possible immunopathology. We assessed the

immunoregulatory activity of the vaccines by measuring IL-10

levels. Appreciable levels were recorded in both vaccine

groups pre- and post-booster vaccination but were not

statistically significant (Figures 3B, D).
Janssen and Pfizer booster vaccinated
individuals exhibited similar magnitude of
T-cell cytokine expression over nine
months

To assess the magnitude of the induced immune responses

between the Janssen and Pfizer vaccine recipients, we compared

responses between the two vaccines at each of the four sampling

timepoints using the Mann-Whitney U-test. We observed

substantial production of T helper 1 associated cytokines; IL-1b,
Frontiers in Immunology 07
IFN-g, TNF-a, and IL-6 (Figure 4) by both vaccines with no

significant differences reported. Both vaccines also induced low

levels of IL-2, IL-4, IL-12 and IL-17A across the study period

(Figure not shown). IL-6 levels were the highest of the cytokines

produced by both groups but were not statistically different between

the two groups (p>0.05).
Differences in cytokine expression between
the Janssen and Pfizer booster vaccine
groups

To assess cytokine expression differences between the Janssen

and Pfizer booster vaccine groups over the 9-month study period,

we fitted a Generalized Linear Mixed Models (GLMMs) for each

cytokine. Our analysis revealed a lack of significant differences in

cytokine levels between the two vaccine platforms.

As shown in Table 2, the Janssen vs Pfizer booster vaccine row

for each cytokine represents the estimated coefficient of the

difference in log-odds between the two groups. Our analysis

found that the log-odds of having high IL-1b, IL-2, IL-4, IL-10,
FIGURE 3

Longitudinal analysis of IL-4 and IL-10 responses (pg/ml) in individuals who received the Janssen (A, B) or Pfizer (C, D) booster vaccines. Friedman’s
test, and Dunn’s multiple comparisons were used for across time point comparisons in the Janssen and Pfizer recipients. M0 = Samples taken before
booster administration, M3, M6 & M9 = Samples taken at months 3, 6, and 9 post booster administration. Data points represent the median and the
error bars, the minimum to maximum range.
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IFN-g and TNF-a are greater in the Janssen booster recipients,

however these were not significant (p >0.05; Table 2) indicating that

there was no true difference between the effect of the booster vaccine

type on the cytokine level.
Longitudinal cytokine analysis of
homologous and heterologous booster
vaccinated individuals shows similar trends

To elucidate the effects of homologous (individuals receiving

vaccines constructed on the same platform for primary and booster

vaccinations) and heterologous (individuals receiving vaccines

developed on different platforms for primary and booster

vaccinations) vaccination on the durability of T-cell responses, the

levels of secreted cytokines were compared across the nine months.

Both groups of individuals who completed homologous mRNA as

well as homologous viral vector vaccination exhibited appreciable levels

of IL-6, TNF-a, IL-10, IL-1b, IFN-g post-booster vaccination with no

significant differences observed between time points (data not shown;

p>0.05). There were also no timepoint differences in cytokines for the

heterologous viral vector/mRNA recipients (p>0.05). However, IL-6

levels increased significantly in the heterologous mRNA/viral vector

recipients at month 9 (median: 741 pg/ml) compared to month 6

(median: 46 pg/ml; p=0.03; Figure 5).
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Levels of some cytokines were higher at
month 9 in the heterologous mRNA/viral
vector group

To further assess which booster vaccination combination

elicited a more efficient or robust cellular response, we compared

the cytokine responses between persons who received the mRNA as

a booster and those who received a viral vector booster vaccine at

each timepoint. Nine (9) months post-booster administration,

significantly higher levels of IL-2, IL-1b and IL-10 were observed

in the viral vector group (median: 6.0 pg/ml; 484 pg/ml; 231 pg/ml)

compared to the mRNA booster group (median: 0.78 pg/ml; 23 pg/

ml; 18 pg/ml) (p-value: 0.05; 0.04; <0.01, Figure 6). There were no

significant differences between the comparator groups for the

remaining cytokines assessed.
High T-cell activity confirmed by the levels
of T-cell inhibitory molecules expression

To assess the kinetics of the T-cell activity within the study

period, CD4+ and CD8+ T cells were analyzed for their immune

checkpoint protein (PD-1, TIM-3 & CTLA-4) expression using

flow cytometry (see Supplementary Figure 1 for gating

strategy used).
FIGURE 4

Magnitude of IFN-g (A), IL-1b (B), TNF-a (C) and IL-6 (D) responses between Janssen and Pfizer booster vaccinated individuals. The data are represented as
box and whisker plots; p-values were calculated at each timepoint using the Mann-Whitney U-test between the Janssen and Pfizer groups with no
significant differences reported (p>0.05). Month 0 = Samples taken before booster administration, Month 3, 6 & 9 = Samples taken at months 3, 6, and 9
post booster administration. White horizontal lines represent the median while the whisker represents the minimum to maximum range.
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While low levels of inhibitory immune checkpoint proteins

were observed in both Janssen and Pfizer booster recipients, no

statistically significant differences in their expression were observed

across pre- and post-booster timepoints (Table 3).
Discussion

This study investigated the cellular immune responses and

immune checkpoint molecule expression kinetics over a 9-month

period in Ghanaian adults who received either the Pfizer (mRNA)

or Janssen (adenoviral vector) vaccine as a booster. Our findings
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suggest that both vaccine platforms induced sustained cytokine

responses for at least nine months, with a clear Th1-skewed

immune profile. This Th1 bias was marked by higher levels of IL-

1b, IFN-g, TNF-a, and IL-6 relative to Th2, Th17, and Treg

cytokines. This is consistent with previous research highlighting

the significant role of Th1 cytokines in post-vaccination immunity

(14, 27). The observed durability of the immune response likely

stems from the unique mechanisms of the two vaccine platforms.

Adenoviral vectors, such as Janssen’s, promote long-term antigen

exposure in lymphoid tissues, which can lead to a long-lived

population of effector and memory Th1 cells. This “memory

inflation” phenomenon may account for the durable cellular
TABLE 2 Summary of generalized linear mixed effects model for cytokine levels.

Fixed effect
Estimated
coefficient

Std Error z-value p(>|z|) AUC

GLMMs IL-1b 0.89

intercept -1.00614 0.90293 -1.114 0.2651

Janssen vs Pfizer booster vaccine 0.41558 0.84789 0.49 0.624

GLMMs IL-2 0.98

intercept -9.68431 3.62688 -2.67 0.00758

Janssen vs Pfizer booster vaccine 0.87709 2.96565 0.296 0.76742

GLMMs IL-4 0.99

intercept -9.34342 4.36812 -2.139 0.0324

Janssen vs Pfizer booster vaccine 0.06314 3.76948 0.017 0.9866

GLMMs IL-6 0.9

intercept -4.03839 1.65527 -2.44 0.0147

Janssen vs Pfizer booster vaccine -0.17211 1.40046 -0.123 0.9022

GLMMs IL-10 0.98

intercept -8.67E+00 5.02E+00 -1.727 0.0842

Janssen vs Pfizer booster vaccine 1.22E+00 3.50E+00 0.348 0.7276

GLMMs IL-12 0.99

intercept -2.96E+01 6.36E+05 0 1

Janssen vs Pfizer booster vaccine -2.17E+01 2.05E+06 0 1

GLMMs IL-17 0.98

intercept -8.05968 4.12107 -1.956 0.0505

Janssen vs Pfizer booster vaccine -17.96874 2048.01312 -0.009 0.993

GLMMs IFN-g 0.69

intercept -4.04811 1.59576 -2.537 0.0112

Janssen vs Pfizer booster vaccine 1.20331 1.2731 0.945 0.3446

GLMMs TNF-a 0.97

intercept -6.98668 4.05077 -1.725 0.0846

Janssen vs Pfizer booster vaccine 2.11251 2.14336 0.986 0.3243
Odds of high cytokine levels (pg/ml) by Janssen booster vaccine compared to Pfizer booster vaccine, adjusting for confounders (Age, sex and Prior vaccine type).
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immune responses observed in our study and others (28). In

contrast, mRNA vaccines, like Pfizer’s, deliver transient

instructions for Spike protein expression. While this induces a

strong and rapid initial response, the transient nature of mRNA

and its rapid degradation likely contributes to the early peak and

subsequent decline in some cytokine levels (29). These differential

mechanisms were reflected in the distinct temporal dynamics of key

cytokines. The most highly expressed cytokine, IL-6, which is

essential for B-cell differentiation, antibody synthesis, and T-cell

regulation (30, 31), showed notable differences between the groups.

In the Janssen group, IL-6 levels remained stable for the first six

months and then increased significantly by month nine. In contrast,

the Pfizer group exhibited an initial peak at three months, followed

by a gradual decline. Similarly, TNF-a and IL-1b levels declined

significantly over time in Pfizer recipients (Figures 1G, H), further

highlighting the differential cytokine kinetics. These variations may

reflect differences in the sustained antibody responses elicited by

each vaccine given that all three cytokines are relevant for B cell

activation, antibody production and enhancement of the innate

immunity against respiratory infections (32, 33).
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IL-2 supports T-cell activation, while IL-12 enhances Th1

responses and cell-mediated immunity, both crucial for effective

vaccine responses to the related SARS-CoV (34, 35). However, in

our study, we observed low levels of these cytokines in both vaccine

groups at all timepoints, highlighting an insignificant role of these

cytokines in generating the observed cellular immune response

among study participants.

The controlled expression of IL-17 is likely beneficial, as

excessive levels are linked to inflammatory pathology (36). We

also observed differences in IL-4 kinetics: levels in the Pfizer group

peaked at three months and then significantly declined by month

six, while levels were sustained over nine months in the Janssen

group. This finding strengthens the argument for plausible

sustained antibody production in the Janssen group compared to

the Pfizer group. IL-4 is known to activate and sustain humoral

immune responses, including B-cell class-switching and antibody

production (37). The overall low levels of both IL-4 and IL-17

relative to Th1 cytokines underscore the Th1-biased immune

profile induced by both vaccines, consistent with a previous

report by Salleh et al. (38).
FIGURE 5

Levels of IL-6 (pg/ml) elicited by homologous and heterologous booster vaccinated individuals at Month 0 (A), Month 3 (B), Month 6 (C) and Month
9 (D) following Spike-RBD stimulation. Friedman’s test and Dunn’s multiple tests were used for comparisons Month 0 denotes samples taken before
booster shot administration. M3, M6, and M9 denote samples taken at months 3, 6, and 9 post-booster vaccine administration, respectively. V.V
(Viral vector recipients), RNA (mRNA recipients). Data points represent the median and the error bars, the minimum to maximum range. mRNA/
mRNA (A, n=12), mRNA/V.V (B, n=6), V.V/V.V (C, n=18), V.V/mRNA (D, n=12).
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The immunoregulatory cytokine IL-10 remained at appreciable

levels throughout the nine-month period in both groups. This

persistent expression is critical for modulating immune responses,

preventing excessive inflammation, and reducing the risk of cytokine

storms. As a regulatory cytokine, IL-10 also helps maintain long-term

functional T-cell memory and immune homeostasis (39).

Following comparison of the magnitude of the induced cytokine

responses between the Pfizer and Janssen vaccine groups, there was

no significant difference across the nine months (Figure 4). This

suggests that the two platforms induce comparable levels of cell-

mediated immunity over time among vaccine recipients. This

finding is asserted by the lack of significant difference in the log-

odd effect of booster type on cytokine responses as observed by our

GLMM. However, contrary to our findings, other studies reported a

more robust immune response in mRNA vaccine recipients

compared to adenoviral vaccine recipients, although these studies

undertook these measurements for shorter periods up to six months

and reported a decline in the said responses by the 6 month (40, 41).

Also, a comparison of the booster dose’s response at Month 3 to the

pre-booster response (Month 0) showed no significant change in
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cytokine levels although a 1.2-fold increase was observed. This fold-

increase was similar to the 1.5-fold increase observed in serum by

Alghamdi et al. (42).

A longitudinal analysis of individuals who received a viral

vector booster after a primary mRNA regimen (heterologous)

revealed a significant rise in IL-6 levels at six months post-

booster, a pattern not seen in homologous (mRNA) recipients.

The heterologous group also exhibited significantly higher

expression of IL-2, IL-1b, and IL-10 nine months post-booster

compared to the homologous group, suggesting a better Th1 and T-

regulatory response. This finding aligns with emerging evidence

that heterologous booster regimens can augment immune responses

and potentially broaden protection compared to homologous

regimens (43–45).

We also assessed the expression of immune checkpoint

molecules such as CTLA-4, PD-1, and TIM-3, which are critical

for regulating T-cell responses (46). High expression of these

proteins can lead to T-cell “exhaustion” and diminished function

(47). Importantly, we observed low expression of these molecules in

both groups at all time points, similar to levels found in healthy
FIGURE 6

Magnitude of IL-2 (A), IL-1b (B) and IL-10 (C) responses between individuals who received a primary mRNA vaccination and either an mRNA or viral
vector booster vaccine. The data are represented as box and whisker plots; p-values were calculated at each timepoint between the mRNA booster
and viral vector booster groups using the Mann-Whitney U-test. Month 0 = Samples taken before booster administration, M3, M6 & M9 = Samples
taken at months 3, 6, and 9 post booster administration. Data points represent the median and the error bars, the minimum to maximum range.
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individuals and below those observed in COVID-19 patients (>40%

of CD4+ and CD8+ T-cells) by Diao et al. (48).This indicates a

normal T-cell activation status and suggests that the booster dose

did not induce exhaustion, allowing the T-cell population to remain

functional and responsive. We also observed no significant boost in

the cellular immune response post-booster compared to pre-

booster levels, similar to findings of Busa et al. (49).
Conclusions

The administration of an additional Pfizer (BNT162b2) or Janssen

(Ad.26.COV2.S) booster dose resulted in sustained Th1-biased cellular

responses that could be clinically protective. Across the study

timepoints, levels of some cytokines were more sustained in the

Janssen group compared to the Pfizer group. However, timepoint-

specific comparison between the two booster vaccinated groups did not

show any significant differences in the cytokine expression levels.

Heterologous vaccination regimen showed trends toward enhanced

durable cellular immune responses compared to the homologous

group. Recipients of both booster vaccine types showed durable and

comparable T-cell response with no signs of T-cell exhaustion or

excessive inflammation, highlighting the safety of these vaccines. These
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findings contribute to understanding long-term cellular immunity

following booster vaccination and underscore the importance of

monitoring cytokine dynamics. Moreover, these results provide

important suggestions for improving COVID-19 booster

immunization strategies among African populations, particularly

under heterogeneities of vaccine availability and platform use in

various settings.
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TABLE 3 Expression patterns of immune markers over nine-month study period.

Cells (Median [IQR]) Month 0 Month 3 Month 6 Month 9 p-value

Janssen

CD4+ 62 (47–68) 57 (47-65) 57 (41-68) 61 (48-70) 0.53

CD4+TIM-3+ 2.6 (0.9-4.8) 2.9 (0.78-4.70) 1.9 (0.63-15) 3.3 (0.99-6.0) 0.3

CD4+CTLA-4+ 2 (1.3-4.1) 3 (1.2-4.0) 3.3 (1.8-5.1) 2.2 (1.5-3.4) 0.48

CD4+PD-1+ 5.6 (2.2-8.0) 4.9 (3.8-7.1) 4 (1.9-6.5) 4.5 (2.8-8.8) 0.18

CD8+ 29 (24-41) 34 (26-42) 34 (23-41) 28 (22-38) 0.07

CD8+TIM-3+ 5.6 (1.7-6.7) 3.5 (1.5-8.6) 2.1 (0.93-7.4) 3.8 (0.99-13) 0.2

CD8+CTLA-4+ 2 (0.95-4.0) 1.9 (1.5-3.8) 2.1 (0.43-3.1) 1.7 (0.76-3.0) 0.16

CD8+PD-1+ 4.1 (2.8-6.5) 4.5 (2.0-6.1) 5 (2.2-6.6) 3.8 (2.4-6.8) 0.41

Pfizer

CD4+ 60 (56-68) 57 (47-68) 59 (55-69) 65 (57-67) 0.12

CD4+TIM-3+ 1.1 (0.74-3.9) 0.95 (0.43-2.9) 1.5 (0.86-3.7) 1.7 (0.77-3.2) 0.66

CD4+CTLA-4+ 1.8 (1.2-2.7) 1.5 (0.97-2.3) 2.3 (1.5-3.1) 1.9 (1.5-3.3) 0.44

CD4+PD-1+ 5.4 (4.0-6.4) 5.3 (2.7-6.0) 5.1 (3.4-8.1) 4.7 (3.6-5.3) 0.77

CD8+ 27 (25-36) 32 (24-39) 30 (24-37) 27 (22-34) 0.9

CD8+TIM-3+ 3.5 (1.6-7.3) 3 (1.2-8.5) 3 (0.98-7.1) 3.3 (2.1-5.5) 0.8

CD8+CTLA-4+ 1.8 (0.91-4.8) 2 (1.2-5.6) 1.6 (1.2-4.4) 2.2 (1.1-4.3) 0.5

CD8+PD-1+ 4.8 (2.7-7.5) 4.3 (2.5-11) 5.2 (3.3-7.6) 4.9 (3.5-11) 0.98
Median cell frequencies were compared across time points using Friedman’s test and Dunn’s multiple comparisons. P ≤ 0.05 was considered statistically significant. IQR: Interquartile range;
TIM-3: T-cell immunoglobulin domain and mucin domain-containing protein 3; PD-1: programmed cell death 1; CTLA-4: Cytotoxic T-lymphocyte associated protein 4.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1643083
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Osei et al. 10.3389/fimmu.2025.1643083
Author contributions

FO: Methodology, Data curation, Investigation, Writing –

original draft, Formal analysis. KT: Formal analysis, Writing –

original draft, Data curation, Methodology, Visualization,

Investigation. IO: Investigation, Methodology, Visualization, Data

curation, Formal analysis, Writing – original draft. SS: Investigation,

Writing – review & editing, Visualization, Data curation, Formal

analysis. DP: Investigation, Data curation, Methodology, Writing –

review & editing, Software, Formal analysis. EA-V: Methodology,

Formal analysis, Investigation, Data curation, Writing – review &

editing. AP: Data curation, Investigation, Visualization, Writing –

review & editing, Methodology, Formal analysis. OD: Data curation,

Formal analysis, Methodology, Investigation, Writing – review &

editing. TB: Software, Writing – review & editing, Data curation,

Methodology, Investigation. DT-A: Writing – review & editing, Data

curation, Software, Methodology. SN: Visualization, Investigation,

Data curation, Methodology, Writing – review & editing. JA: Writing

– review & editing, Investigation, Visualization, Methodology. VA:

Visualization, Validation, Writing – review & editing, Investigation,

Supervision. GF: Visualization, Validation, Writing – review &

editing, Investigation, Supervision. DO-Y: Investigation, Validation,

Writing – review & editing, Supervision, Methodology. FP:

Supervision, Writing – review & editing, Conceptualization,

Investigation, Funding acquisition. MO: Conceptualization,

Funding acquisition, Visualization, Writing – review & editing,

Data curation. KK: Funding acquisition, Data curation, Writing –

original draft, Formal analysis, Supervision, Visualization,

Investigation, Resources, Conceptualization, Writing – review &

editing, Project administration, Validation.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. Funding for this study

was provided by The Ghana COVID-19 National Trust Fund

(Agreement No: C19NTF/DA/NMIMR/LAB.VAC.RES.PJ/FS/02/

2022). The Funder had no role in the study performance,

manuscript preparation or the decision to publish this report.
Frontiers in Immunology 13
Acknowledgments

Authors are grateful to the study volunteers for their willingness

to participate in the study. We are also grateful to the technical staff

of the Immunology Departments at NMIMR for assistance with

immunological analysis of study samples.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.

1643083/full#supplementary-material
References

1. Feehan J, Apostolopoulos V. Is COVID-19 the worst pandemic?Maturitas. (2021)

149:56. doi: 10.1016/j.maturitas.2021.02.001

2. Azer SA. COVID-19: pathophysiology, diagnosis, complications and
investigational therapeutics. New Microbes New infections. (2020) 37:100738.
doi: 10.1016/j.nmni.2020.100738

3. Gandhi M, Yokoe DS, Havlir DV. Asymptomatic transmission, the achilles’ Heel
of current strategies to control covid-19. New Engl J Med. (2020) 382:2158–60.
doi: 10.1056/NEJMe2009758

4. Kenu E, Odikro MA, Malm KL, Asiedu-Bekoe F, Noora CL, Frimpong JA, et al.
Epidemiology of COVID-19 outbreak in Ghana, 2020. Ghana Med J. (2020) 54:5.
doi: 10.4314/gmj.v54i4s.3
5. Kusi KA, Frimpong A, Partey FD, Lamptey H, Amoah LE, Ofori MF. High
infectious disease burden as a basis for the observed high frequency of asymptomatic
SARS-CoV-2 infections in sub-Saharan Africa. AAS Open Res. (2021) 4:2. doi: 10.12688/
aasopenres

6. Bwire G, Ario AR, Eyu P, Ocom F, Wamala JF, Kusi KA, et al. The COVID-19
pandemic in the African continent. BMC Med. (2022) 20:1–23. doi: 10.1186/s12916-
022-02367-4

7. Chen L, Liu W, Zhang Q, Xu K, Ye G, Wu W, et al. RNA based mNGS
approach identifies a novel human coronavirus from two individual pneumonia cases in
2019 Wuhan outbreak. Emerg Microbes Infect. (2020) 9:313–9. doi: 10.1080/
22221751.2020.1725399
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1643083/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1643083/full#supplementary-material
https://doi.org/10.1016/j.maturitas.2021.02.001
https://doi.org/10.1016/j.nmni.2020.100738
https://doi.org/10.1056/NEJMe2009758
https://doi.org/10.4314/gmj.v54i4s.3
https://doi.org/10.12688/aasopenres
https://doi.org/10.12688/aasopenres
https://doi.org/10.1186/s12916-022-02367-4
https://doi.org/10.1186/s12916-022-02367-4
https://doi.org/10.1080/22221751.2020.1725399
https://doi.org/10.1080/22221751.2020.1725399
https://doi.org/10.3389/fimmu.2025.1643083
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Osei et al. 10.3389/fimmu.2025.1643083
8. Lu H, Stratton CW, Tang YW. Outbreak of pneumonia of unknown etiology in
Wuhan, China: The mystery and the miracle. J Med Virol. (2020) 92:401–2.
doi: 10.1002/jmv.25678

9. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DK, et al.
Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR.
Eurosurveillance. (2020) 25:2000045. doi: 10.2807/1560-7917.ES.2020.25.3.2000045

10. Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin AI, Zubkova OV,
Dzharullaeva AS, et al. Safety and efficacy of an rAd26 and rAd5 vector-based heterologous
prime-boost COVID-19 vaccine: an interim analysis of a randomised controlled phase 3 trial
in Russia. Lancet. (2021) 397(10275):671–81. doi: 10.1016/S0140-6736(21)00234-8

11. Bos R, Rutten L, van der Lubbe JEM, Bakkers MJG, Hardenberg G, Wegmann F,
et al. Ad26 vector-based COVID-19 vaccine encoding a prefusion-stabilized SARS-
CoV-2 Spike immunogen induces potent humoral and cellular immune responses. NPJ
Vaccines. (2020) 5:91. doi: 10.1038/s41541-020-00243-x

12. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety
and efficacy of the BNT162b2 mRNA covid-19 vaccine. New Engl J Med. (2020)
383:2603–15. doi: 10.1056/NEJMoa2034577

13. Thomas SJ, Moreira ED, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine through 6 Months. New
Engl J Med. (2021) 385:1761–73. doi: 10.1056/NEJMoa2110345

14. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, et al.
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses.
Nature. (2020) 586:594–9. doi: 10.1038/s41586-020-2814-7

15. Kaech SM, Wherry EJ, Ahmed R. Effector and memory T-cell differentiation:
implications for vaccine development. Nat Rev Immunol. (2002) 2:251–62.
doi: 10.1038/nri778

16. Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al. Longitudinal
analyses reveal immunological misfiring in severe COVID-19. Nature. (2020) 584:463–9.
doi: 10.1038/s41586-020-2588-y

17. Ertl HCJ, Currie SL, Luber AD. Restricting use of adenovirus vector-based
COVID vaccines could endanger public and global health. Front Immunol. (2022)
13:985382. doi: 10.3389/fimmu.2022.985382

18. Callaway E. COVID vaccine boosters: the most important questions. Nature.
(2021) 596:178–80. doi: 10.1038/d41586-021-02158-6

19. Kupferschmidt K. New mutations raise specter of ‘immune escape’. Science.
(2021) 371:329–30. doi: 10.1126/science.371.6527.329

20. Moore JB, June CH. Cytokine release syndrome in severe COVID-19. Science.
(2020) 368:473–4. doi: 10.1126/science.abb8925

21. Pe ̂go AC, Lima IS, Gozzelino R. Addressing inequality in the COVID-19
pandemic in africa: A snapshot from clinical symptoms to vaccine distribution.
COVID. (2024) 4:170–90. doi: 10.3390/covid4020014

22. Sapkota B, Saud B, Shrestha R, Al-Fahad D, Sah R, Shrestha S, et al. Heterologous
prime–boost strategies for COVID-19 vaccines. J Travel Med. (2021) 29(3):taab191.
doi: 10.1093/jtm/taab191

23. Provine NM, Klenerman P. Adenovirus vector and mRNA vaccines:
Mechanisms regulating their immunogenicity. Eur J Immunol. (2023) 53:e2250022.
doi: 10.1002/eji.202250022

24. Tan AT, Linster M, Tan CW, Le Bert N, Chia WN, Kunasegaran K, et al. Early
induction of functional SARS-CoV-2-specific T cells associates with rapid viral
clearance and mild disease in COVID-19 patients. Cell Rep. (2021) 34:108728.
doi: 10.1016/j.celrep.2021.108728

25. Behrens GMN, Barros-Martins J, Cossmann A, Ramos GM, Stankov MV, Odak
I, et al. BNT162b2-boosted immune responses six months after heterologous or
homologous ChAdOx1nCoV-19/BNT162b2 vaccination against COVID-19. Nat
Commun. (2022) 13:1–10. doi: 10.1038/s41467-022-32527-2

26. Wrapp D,Wang N, Corbett KS, Goldsmith JA, ChL H, Abiona O, et al. Cryo-EM
structure of the 2019-nCoV spike in the prefusion conformation. Science. (2020)
367:1260–3. doi: 10.1126/science.abb2507

27. Vogel AB, Kanevsky I, Che Y, Swanson KA, Muik A, Vormehr M, et al.
BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature. (2021)
592:283–9. doi: 10.1038/s41586-021-03275-y

28. Li Y, Xiao J, Li C, Yang M. Memory inflation: Beyond the acute phase of viral
infection. Cell Prolif. (2024) 57:e13705. doi: 10.1111/cpr.13705
Frontiers in Immunology 14
29. Cheng F, Wang Y, Bai Y, Liang Z, Mao Q, Liu D, et al. Research advances on the
stability of mRNA vaccines. Viruses. (2023) 15:668. doi: 10.3390/v15030668

30. Montazersaheb S, Hosseiniyan Khatibi SM, Hejazi MS, Tarhriz V, Farjami A,
Ghasemian Sorbeni F, et al. COVID-19 infection: an overview on cytokine storm and
related interventions. Virol J. (2022) 19:92. doi: 10.1186/s12985-022-01814-1

31. Kimura A, Kishimoto T. IL-6: regulator of Treg/Th17 balance. Eur J Immunol.
(2010) 40:1830–5. doi: 10.1002/eji.201040391

32. Boraschi D. What is IL-1 for? The functions of interleukin-1 across evolution.
Front Immunol. (2022) 13:872155. doi: 10.3389/fimmu.2022.872155

33. Chan BCL, Li P, Tsang MSM, Sung JCC, Kwong KWY, Zheng T, et al. Adjuvant
activities of immunostimulating natural products: Astragalus membranaceus (Fisch.)
Bge. and Coriolus versicolor in BNT162b2 vaccination against COVID-19 infection. J
Leukoc Biol. (2024) 115:177–89. doi: 10.1093/jleuko/qiad106

34. Kaech SM, Cui W. Transcriptional control of effector and memory CD8+ T cell
differentiation. Nat Rev Immunol. (2012) 12:749–61. doi: 10.1038/nri3307

35. Sallusto F, Lanzavecchia A, Araki K, Ahmed R. From vaccines to memory and
back. Immunity. (2010) 33:451–63. doi: 10.1016/j.immuni.2010.10.008

36. Stockinger B, Omenetti S. The dichotomous nature of T helper 17 cells. Nat Rev
Immunol. (2017) 17:535–44. doi: 10.1038/nri.2017.50

37. Toellner KM. Cognate interactions: Extrafollicular IL-4 drives germinal-center
reactions, a new role for an old cytokine. Eur J Immunol. (2014) 44:1917–20.
doi: 10.1002/eji.201444825

38. Salleh MZ, Norazmi MN, Deris ZZ. Immunogenicity mechanism of mRNA
vaccines and their limitations in promoting adaptive protection against SARS-CoV-2.
PeerJ. (2022) 10:e13083. doi: 10.7717/peerj.13083

39. Couper KN, Blount DG, Riley EM. IL-10: the master regulator of immunity to
infection. J Immunol. (2008) 180:5771–7. doi: 10.4049/jimmunol.180.9.5771

40. Zhang Z, Mateus J, Coelho CH, Dan JM, Moderbacher CR, Gálvez RI, et al.
Humoral and cellular immune memory to four COVID-19 vaccines. Cell. (2022)
185:2434–51. doi: 10.1016/j.cell.2022.05.022

41. Sarker P, Akhtar E, Kuddusi RU, Alam MM, Haq MA, Hosen MB, et al.
Comparison of the immune responses to COVID-19 vaccines in Bangladeshi
population. Vaccines (Basel). (2022) 10:1498. doi: 10.3390/vaccines10091498

42. Alghamdi A, Hussain SD, Wani K, Sabico S, Alnaami AM, Amer OE, et al.
Altered circulating cytokine profile among mRNA-vaccinated young adults: A year-
long follow-up study. Immunity Inflammation Disease. (2025) 13:e70194. doi: 10.1002/
iid3.70194

43. Laghlali G, Wiest MJ, Karadag D, Warang P, O’Konek JJ, Chang LA, et al.
Enhanced mucosal SARS-CoV-2 immunity after heterologous intramuscular mRNA
prime/intranasal protein boost vaccination with a combination adjuvant. Mol Ther.
(2024) 32:4448–66. doi: 10.1016/j.ymthe.2024.10.016

44. Normark J, Vikström L, Gwon YD, Persson IL, Edin A, Björsell T, et al.
Heterologous ChAdOx1 nCoV-19 and mRNA-1273 Vaccination. New Engl J Med.
(2021) 385:1049–51. doi: 10.1056/NEJMc2110716

45. Zheng H, Li C, Zheng X, Jiang HD, Li Y, Yao A, et al. Immune responses and
transcription landscape of adults with the third dose of homologous and heterologous
booster vaccines of COVID-19. Front Immunol. (2024) 15:1461419. doi: 10.3389/
fimmu.2024.1461419

46. Nirschl CJ, Drake CG. Molecular pathways: co-expression of immune checkpoint
molecules: signaling pathways and implications for cancer immunotherapy. Clin Cancer Res.
(2013) 19:4917–24. doi: 10.1158/1078-0432.CCR-12-1972

47. Benitez Fuentes JD, Mohamed Mohamed K, de Luna Aguilar A, Jiménez Garcıá
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