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Abstract: To elucidate the cellular immune response to coronavirus disease (COVID-19) among children, we
assessed cellular immunity in 8 children post-vaccination for COVID-19 and 11 children after severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, using the T-SPOT®.COVID assay for both the
spike (S) and nucleocapsid (N) proteins. In the vaccinated group, the T-SPOT®.COVID assay for the S protein
yielded positive results in all eight children. In contrast, in the post-infection group, the assay for the N protein
was positive in 5 of 11 children, with 3 of these 5 children requiring hospital admission, including 2 who needed
mechanical ventilation. Therefore, the T-SPOT®.COVID assay is valuable for assessing cellular immunity
against COVID-19, and most children infected with COVID-19 may not develop such immunity unless the
disease severity is significant.

Keywords: cell immunity; COVID-19; children; T-Spot®

1. Introduction

Immune responses such as humoral immunity and cell immunity against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) are induced by vaccinations against coronavirus
disease (COVID-19) or by SARS-CoV-2 infection [1,2]. In humoral immunity, the sensitivity of
antibody neutralization reportedly decreases for the SARS-CoV-2 variant [3]. Meanwhile, cellular
immunity has been shown to be effective against new SARS-CoV-2 variants [4]. However, unlike
humoral immunity, which involves antibodies, measuring cellular immunity is challenging owing to
the large volume of blood samples required and immediate processing needed for lymphoid cell
separations. This is particularly difficult in pediatric patients. Therefore, only few reports are
available on cell immunity against SARS-CoV-2 for children infected with COVID-19 [5,6].

To evaluate cellular immunity against SARS-CoV-2, a commercial kit, namely the T-
SPOT®.COVID (Oxford Immunotec, Oxfordshire, in United Kingdom) may be useful because it can
be used in many medical settings [7]. Although an evaluation of cellular immunity against SARS-
CoV-2 using this kit for adults has been reported [8], to the best of our knowledge, no studies have
investigated such use in children. Therefore, in this study, we aimed to analyze the cellular immunity
against SARS-CoV-2 in children using the T-SPOT®. kit to elucidate the relationship between cellular
and humoral immunity following COVID-19 vaccination or diagnosis.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2024 i:10. reprints202403.1033.v1

2. Materials and Methods

2.1. Ethical Aspects

Informed consent was obtained from children or their parents. The study protocol was approved
by the Ethics Committee of Kawasaki Medical School, Kurashiki, Japan, on August 1, 2023 (no. 5370-
04).

2.2. Sample Collection

In our study, we analyzed blood samples isolated from children vaccinated for COVID-19 or
with prior COVID-19 diagnosis. These samples were collected from children at the children’s ward
or pediatric clinic of Kawasaki Medical School Hospital. Furthermore, we recorded the age, sex,
medical histories, frequencies of COVID-19 diagnosis or vaccination, and the time elapsed since
COVID-19 diagnosis or vaccination.

2.3. SARS-CoV-2 Antigen-Specific T cell Responses

We assessed SARS-CoV-2 antigen-specific T cell responses after COVID-19 and vaccination for
COVID-19 using the T-SPOT®.COVID kit [7]. These assays identify SARS-CoV-2 antigen-specific
interferon-gamma-secreting T cells, primarily consisting of CD4+ T helper type 1 cells and CD8+
cytotoxic T cells, essential for an antiviral immune response. Furthermore, peripheral blood
mononuclear cells are stimulated with overlapping peptide pools of SARS-CoV-2 spike subunit 1
(51), nucleocapsid protein (N) in these assays. Peptides high homologous to endemic coronaviruses
were omitted from peptide pool for S1 and N in T-SPOT®.COVID to minimize the chance of T-
SPOT.COVID responses being elicited by cross-reactive T cells in the absence of SARS-CoV-2
infection [7]. Blood samples for the T-SPOT®.COVID test were drawn into heparin tubes and
subsequently shipped to LSI Medience Corporation (Tokyo, Japan) in temperature-regulated boxes.

The T-SPOT®.COVID test were processed and analyzed according to the manufacturer’s
instructions.

2.4. Serum Immunoglobulin (Ig)G and ELISA for SARS-CoV-2

Anti-SARS-CoV-2 antibodies were measured using the Elecsys® Anti-SARS-CoV-2 RUOP assay
(Roche Diagnostics, Basel, Switzerland), which is based on the modified double-antigen sandwich
immunoassay with recombinant protein representing the nucleocapsid antigen that measures the
total antibody against SARS-CoV-2 (panimmunoglobulin). The assay was performed using a fully
automated Cobas e801 analyzer (Roche Diagnostics) as described in a previous study [9].

3. Results

Table 1 presents data on demographics, T-SPOT®.COVID, and IgG for SARS-CoV-2 in 8 children
were vaccinated against COVID-19. Their ages ranged from 7 to 15 years, comprising six males and
two females. The interval from the last vaccination to sample collection varied between 9 days and 4
months, with vaccination frequencies ranging from once to three times. Two participants had been
diagnosed with COVID-19 prior to sample collection.

Table 1. Children after COVID-19 vaccinations (April-December 2022) .

T T SARS-  SARS-
Age Dateof ~ Dateof Frequency o\ sporecovi spotecovi COV2 CoV-2
) last of . ) IgG IeG
(Year Sex  collection . L of D targeting S D targeting N Note
vaccinatio vaccinatio . . toS toN
-old) (month/year) COVID  proteins proteins . .
n n 19 (spot) *1 (spot) *1 proteins proteins
P P (U/mL) *2(U/mL) *2
3 k
7 M May/2022 VS 1 - 00) 00) 196 (+) <0.8()

prior
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2 k
9 M July/2022 Weeks 2 - >50 (+) 40) 1760 (+)  38.0 (+)
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Junef2022 2 Weeks 3 - 22 (+) 00) - -
13 F prior
202 h
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2
4 th 11
14 M August/2022 - O3 gonths 12(4) 30) 000 39 ()
prior prior (+)
15 M November/202 2m9nths 3 ) e 10) 52(4) <08 ()
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Positive: Positive:
Positive: 9/11 Positive: 1/11
10/1
Mean M: May- 3 d.a ye Positive Equivocal: =~ Equivocal: 0,/ 0 5_/8
113 prior 1-3 EquivocalEquivocal
(7 6 November/202 4 19/ 1/11 1/11 ) ]
) -4 month . . :0/10 :0/8
15) F:2 2 or Negative: Negative: Neeative: Negative:
prio Vi1 911 egative: Negative:

0/10 3/8
*1: 28 spots, positive (+); 5-7 spots, not determined (+); < 4 spots, negative (-); *2: 20.8 U/mL, positive (+);
<0.8 U/mL, negative (-); SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; IgG,
Immunoglobulin G; S, S proteins; N, N proteins; F, Female; M, Male.

T-SPOT ©.COVID targeting S proteins was positive in seven of eight children; the remaining one
was not determined. In contrast, the T-SPOT ©.COVID targeting N proteins was positive in only one
individual who had a history of COVID-19. Among those tested for antibodies to SARS-CoV-2, seven
were positive for IgG to the S protein and negative for IgG to the N protein, except for the individual
with a history of COVID-19.

Data from the 11 children with a history of COVID-19 are shown in Table 2. Their ages ranged
from 1 to 14 years old, and there were four males and seven females. The duration from the onset of
COVID-19 to sample collection ranged from 3 days to 4 months. Two individuals had been vaccinated
prior to contracting COVID-19. Five were admitted to the hospital, two of whom required mechanical
ventilation.

Table 2. Children with COVID-19 (April-December 2022) .

T T SARS-  SARS-
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. of - - . IgG IgG
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COVID . : toS toN
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*1: Approximately 3 weeks interval between the first and second collections. *2: 8 spots, positive (+); 5-7 spots,
not determined (+); <4 spots, negative (-); 3: 20.8 U/mL, positive (+); <0.8 U/mL, negative (-); SARS-CoV-2, Severe
Acute Respiratory Syndrome Coronavirus 2; IgG, Immunoglobulin G; F, Female; M, Male; S, S proteins; N, N
proteins.

The T-SPOT ©.COVID targeting S proteins yielded positive results in 4 of 11 children,
indeterminate results in 2, and negative results in 5. Regarding the T-SPOT ©.COVID targeting N
proteins, the results were positive in three cases (all of whom were also positive for S proteins),
indeterminate in three, and negative in five. Among seven children, eight tests for SARS-CoV-2 IgG
to both S and N proteins were conducted: five tests were positive for IgG to S proteins, and similarly,
five were positive for IgG to N proteins. Three tests were negative for both.

4. Discussion

We analyzed cell immunity against COVID-19 among children using the T-SPOT®.COVID kit
along with humoral immunity against COVID-19. To the best of our knowledge, this is the first study
evaluating cell immunity against COVID-19 after COVID-19 vaccination and diagnosis among
healthy children using the T-SPOT ©.COVID.

Nearly all children vaccinated against COVID-19 tested positive for T-SPOT®.COVID targeting
S protein. Research indicates that cellular immunity against COVID-19 persists long after vaccination
in adults [10]. Similarly, we demonstrated that children can acquire cellular immunity against
COVID-19 through vaccination. However, many children who contracted COVID-19 tested negative
for T-SPOT®.COVID targeting both the S and N proteins. We hypothesized that the limited positive
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cellular immunity observed in children post-infection in our study may be attributed to the mild
severity of COVID-19 in children. In most cases, children with COVID-19 experience mild symptoms
[11]. Furthermore, primed innate immunity among children is reportedly useful for fighting SARS-
CoV-2 infection [12]. Hence, cell immunity might be unnecessary among many children with mild
cases of COVID-19. Notably, two hospitalized children who needed mechanical ventilation,
indicating severe COVID-19 cases, exhibited positive results for T-SPOT®.COVID targeting the S and
N proteins. A previous report indicated that in children with COVID-19, the innate immunity
response was higher than in adults, showing an inverse correlation with the severity of COVID-19
[13]. This knowledge lends support to our hypothesis. Therefore, we believe that while children can
acquire cellular immunity against COVID-19 through vaccination, in many cases of infection, this
immunity may not be adequately developed.

Further, we analyzed humoral immunity against COVID-19. Because all children after COVID-
19 vaccinations were able to develop SARS-CoV-2 IgG to S proteins, COVID-19 vaccinations in this
age group are thought to be useful. SARS-CoV-2 IgG to N proteins were positive in three of them,
and the history of COVID-19 was not clarified in two of these three. Therefore, asymptomatic COVID-
19 might also occur in children. Meanwhile, among children who had a COVID-19 history, some had
positive SARS-CoV-2 IgG even when the T-SPOT®.COVID result was negative. This discrepancy is
thought to be due to insufficient cellular immune responses in children, caused by either the
immaturity of cellular immunity or the severity of COVID-19. Regarding the relationship between
the severity of COVID-19 and immunity, cellular immunity levels against COVID-19 were higher in
adults with severe COVID-19 than in those with milder cases. In contrast, in our study, children
hospitalized due to COVID-19, indicating more severe cases, tended to have a higher positive rate of
T-SPOT®.COVID than those not hospitalized. A previous study reported that early nasal mucosal
immune response as a type of natural immunity was higher in children than in adults, which was
inversely correlated with the severity of COVID-19 [13]. Therefore, the nasal mucosal immune
response may be heightened, potentially reducing the need for robust cellular immunity in children
who did not require hospitalization.

This study presented some limitations. First, the sample size was small. Regrettably, collecting
samples for cellular immunity studies in children poses a challenge, as more than 5 mL of blood is
required, necessitating immediate separation of lymphoid cells. Hence, our cellular immunity
samples from children are considered valuable. Second, cellular immunity is generally considered to
be immature in childhood [14], which might affect the responsiveness of the T-SPOT®.COVID test in
children. Notably, interferon-gamma release assays, including the T-SPOT® test, for diagnosing latent
tuberculosis, have uncertain efficacy in children owing to the immaturity of cellular immunity [15].
Nevertheless, in our study, the T-SPOT®.COVID test results were positive among children post-
COVID-19 vaccination, suggesting that this kit may be effective for use in children. Third, we could
not follow participants for more than 6 months, which is not a long time. The level of SARS-CoV-2-
specific cell immunity is reported to persist for more than half a year following COVID-19
vaccinations in adults. Additionally, the level of SARS-CoV-2-specific cell immunity is also noted to
continue for at least 1 year after contracting COVID-19 in adults. Therefore, it is imperative to monitor
children following COVID-19 vaccinations or diagnosis for more than half a year into the future.

5. Conclusions

Our study investigated cellular immunity for COVID-19 in children using T-SPOT®.COVID. Our
findings affirmed the utility of this kit in assessing cellular immunity in pediatric populations. We
observed that children can develop cellular immunity against COVID-19 through vaccination;
however, acquisition of immunity may be limited in those affected by COVID-19, particularly if their
illness is not severe. Moving forward, we anticipate that future studies will provide further insights
into cellular immunity for COVID-19 among children, contributing to a deeper understanding of this
important aspect of pediatric health.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2024 i:10. reprints202403.1033.v1

Author Contributions: Conceptualization, Y.Y., A.K, 5.0, T.E., and H.E,; formal analysis, T.O.; writing —review
and editing, T.N.; Writing—original draft, T.O. All authors have read and agreed to the published version of the
manuscript.

Funding: No funding was received for conducting this study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, Tomohiro Oishi, upon reasonable request.

Acknowledgments: We thank Reiji Kimura and Moeka Fujii for their technical assistance.

Conflicts of Interest: Oishi T received a research grant from Oxford Immunotec Limited. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References

1.  Almendro-Vazquez, P.; Laguna-Goya, R.; Ruiz-Ruigomez, M.; Utrero-Rico, A.; Lalueza, A.; Maestro de la
Calle, G.; Delgado, P.; Perez-Ordono, L.; Muro, E.; Vila, ].; et al. Longitudinal dynamics of SARS-CoV-2-
specific cellular and humoral immunity after natural infection or BNT162b2 vaccination. PLOS Pathog 2021,
17, €1010211. https://doi.org/10.1371/journal.ppat.1010211.

2. Sandile, C.; Laurelle, ]J.; Khoury David, S.; Khadija, K.; David, K.; Thandeka, M.-G.; et al. SARS-CoV-2
Omicron Has Extensive but Incomplete escape of Pfizer BNT162b2 Elicited Neutralization and Requires
ACE?2 for Infection. medRxiv 2021, 21267417. https://doi.org/10.1101/2021.12.08.21267417.

3.  Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-Benhassine, F.; Rajah, M.M.; Planchais, C.; Porrot,
F.; Robillard, N.; Puech, ].; et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody
neutralization. Nature 2021, 596, 276-280. https://doi.org/10.1038/s41586-021-03777-9.

4. Jordan, S.C.; Shin, B.H.; Gadsden, T.M.; Chu, M.; Petrosyan, A.; Le, C.N.; Zabner, R.; Oft, J.; Pedraza, L;
Cheng, S; et al. T cell immune responses to SARS-CoV-2 and variants of concern (Alpha and Delta) in
infected and vaccinated individuals. Cell Mol Immunol 2021, 18, 2554-2556. https://doi.org/10.1038/s41423-
021-00767-9.

5. Cohen, C.A,;Li, A.P.Y.; Hachim, A.; Hui, D.5.C.; Kwan, M.Y.W; Tsang, O.T.Y.; Chiu, S.S.; Chan, W.H.; Yau,
Y.S.; Kavian, N.; et al. SARS-CoV-2 specific T cell responses are lower in children and increase with age
and time after infection. Nat Commun 2021, 12, 4678. https://doi.org/10.1038/s41467-021-24938-4.

6.  Akhtar, E.; Mily, A; Sarker, P.; Chanda, B.C.; Haque, F.; Kuddusi, R.U.; Haq, M.A; Lourda, M.; Brighenti,
S.; Raqib, R. Immune cell landscape in symptomatic and asymptomatic SARS-CoV-2 infected adults and
children in urban Dhaka, Bangladesh. Immunobiology 2023, 228, 152350.
https://doi.org/10.1016/j.imbio.2023.152350. (Epub Feb 18 2023). PMID: 36822063.

7.  Mak, W.A; Koeleman, ].G.M.; van der Vliet, M.; Keuren, F.; Ong, D.S.Y. SARS-CoV-2 antibody and T cell
responses one year after COVID-19 and the booster effect of vaccination: a prospective cohort study. | Infect
2022, 84, 171-178. https://doi.org/10.1016/j.jinf.2021.12.003.

8.  Mak, W.A ; Koeleman, ].G.M.; Ong, D.S.Y. Comparison between an in-house SARS-CoV-2 ELISpot and the
T-Spot® Discovery SARS-CoV-2 for the assessment of T cell responses in prior SARS-CoV-2-infected
individuals. ] Clin Virol 2022, 150-151, 105158. https://doi.org/10.1016/j.jcv.2022.105158.

9.  Kittel, M.; Findeisen, P.; Muth, M.C.; et al. Specificity testing by point prevalence as a simple assessment
strategy using the Roche Elecsys® anti-SARS-CoV-2 immunoassay. Int. J. Infect Dis 2021, 105, 632-638.

10. Liu, J.; Chandrashekar, A.; Sellers, D.; Barrett, J.; Jacob-Dolan, C.; Lifton, M.; McMahan, K.; Sciacca, M.;
VanWyk, H.; Wu, C,; et al. Vaccines elicit highly conserved cellular immunity to SARS-CoV-2 Omicron.
Nature 2022, 603, 493-496. https://doi.org/10.1038/s41586-022-04465-y.

11. Howard-Jones, A.R.; Burgner, D.P.; Crawford, N.W.; Goeman, E.; Gray, P.E.; Hsu, P.; Kuek, S.; McMullan,
B.J.; Tosif, S.; Wurzel, D.; et al. COVID-19 in children. II: Pathogenesis, disease spectrum and management.
] Paediatr Child Health 2022; (Epub Oct 25), 58, 46-53. https://doi.org/10.1111/jpc.15811.

12.  Nelson, RW.; Chen, Y.; Venezia, O.L.; Majerus, R.M.; Shin, D.S.; MGH COVID-19 Collection & Processing
Team; Carrington, M.N.; Yu, X.G.; Wesemann, D.R.; Moon, J.J.; et al. SARS-CoV-2 epitope-specific CD4+
memory T cell responses across COVID-19 disease severity and antibody durability. Sci Immunol 2022, 7,
eabl9464. https://doi.org/10.1126/sciimmunol.abl9464. (Epub Jul 22 2022)

13. Pierce, C.A.; Sy, S.; Galen, B.; Goldstein, D.Y.; Orner, E.; Keller, M.].; Herold, K.C.; Herold, B.C. Natural
mucosal barriers and COVID-19 in children. JCI Insight 2021, 6. https://doi.org/10.1172/jci.insight.148694.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2024

14.

15.

16.

17.

Goronzy, J.J.; Gustafson, C.E.; Weyand, C.M. Immune Deficiencies at the Extremes of Age. Clinical
Immunology 2019, 535-543.el. https://doi.org/10.1016/B978-0-7020-6896-6.00038-7. Epub 2018 Mar 13.
PMCID: PMC7150132.

Machingaidze, S.; Wiysonge, C.S.; Gonzalez-Angulo, Y.; Hatherill, M.; Moyo, S.; Hanekom, W.; Mahomed,
H. The utility of an interferon gamma release assay for diagnosis of latent tuberculosis infection and disease
in children: a systematic review and meta-analysis. Pediatr Infect Dis ] 2011, 30, 694-700.
https://doi.org/10.1097/INF.0b013e318214b915.

Arunachalam, P.S,; Lai, L.; Samaha, H.; Feng, Y.; Hu, M.; Hui, H.S.-Y.; Wali, B.; Ellis, M.; Huerta, C.;
Bechnack, K,; et al. Durability of Immune Responses to the Booster mRNA Vaccination Against COVID-19
medRxiv 2022, 22282921. PMCID: PMC9727769. https://doi.org/10.1101/2022.12.02.22282921.

Terahara, K,; Sato, T.; Adachi, Y.; Tonouchi, K.; Onodera, T.; Moriyama, S.; Sun, L.; Takano, T.; Nishiyama,
A.; Kawana-Tachikawa, A.; et al. SARS-CoV-2-specific CD4+ T cell longevity correlates with Th17-like
phenotype. iScience 2022, 25, 104959. https://doi.org/10.1016/j.isci.2022.104959.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.



