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Abstract: Since the identification of the new severe acute respiratory syndrome virus 2 (SARS-CoV-
2), a huge effort in terms of diagnostic strategies has been deployed. To date, serological assays
represent a valuable tool for the identification of recovered COVID-19 patients and for the
monitoring of immune response elicited by vaccination. However, the role of T-cell response should
be better clarified and simple and easy to perform assays should be routinely introduced. The main
aim of this study was to compare a home-made assay for whole blood stimulation with a
standardized ELISpot assay design in our laboratory for the assessment of spike-specific T-cell
response in vaccinated subjects. Even if a good correlation between the assays was reported, a
higher percentage of responder subjects was reported for immunocompromised subjects with
ELISpot assay (56%) than home-made whole blood stimulation assay (33%). Additionally, three
commercial assays were compared with our home-made assay, reporting a good agreement in
terms of both positive and negative results.
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1. Introduction

At the end of December 2019, new severe acute coronavirus syndrome 2 (SARS-CoV-
2) was identified in China as the causative agent of coronavirus disease 2019 (COVID-19)
that rapidly spread all over the world [1]. In late 2020, anti-SARS-CoV-2 vaccines were
introduced, and mRNA BNT162b2 vaccine [2] was the first authorized, showing 95%
protection against SARS-CoV-2 infection in a phase II/III trial [3]. Another mRNA-based
vaccine, mRNA-1273 [4], showed a similar effect. Besides the antibody level elicited after
vaccination, the T-cell memory response induced by the vaccine may have a crucial role
in the long-term protection against SARS-CoV-2 infection and disease.

In natural SARS-CoV-2 infection setting, it has been shown that T cell-mediated
immunity (CMI) is responsible for direct interaction with viral infected cells and is
involved in the regulation of humoral response [5]. The paramount importance of the CMI
and its protective role had been also studied in MERS [6] and SARS infections [7]. In
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particular, studies on SARS-CoV-1 have shown that T cell memory lasts up to 11 years [8].
It is known that SARS-CoV-2 induces a similar IFN-y producing Thl type immune
response as other viral infections [9]. To date, persistence of SARS-CoV-2 immune
response after natural infection up to 15 months has been demonstrated [10].

Currently, different assays for the quantification of INF-y after antigenic stimulation
(Interferon-gamma release assays, IGRA) have been adapted and developed for
monitoring of SARS-CoV-2 T-cell response, including enzyme-linked immune-sorbent
analysis (ELISA), histochemical based enzyme-linked immunospot (ELISpot), or flow
cytometry [9,11-13]. Of these, ELISA and ELISpot do not reveal the cellular source of
cytokines, while flow cytometry allow the analysis of cell function and their phenotype in
parallel. On the other hand, flow cytometry approach requires highly specialized
personnel and it is poorly standardized.

In the context of SARS-CoV-2 vaccination, there is an urgent need of standardization
of methods for the assessment of adaptive T-cell response elicited by vaccination,
especially in immunocompromised subjects. The aim of our study is to set-up a simple
“home-made” method for the quantification of Spike-specific T-cell response in
vaccinated healthy subjects and immunocompromised patients. As gold standard we
used an ELISpot assay developed in our institute [10]. Additionally, three commercial
assays for the evaluation of Spike-specific produced IFNy were used.

2. Materials and Methods
2.1. Study Setting

Samples from 95 healthcare workers (HCW; 60 females and 35 males; median 47.5,
range 25-69) and 55 immunocompromised subjects (IC), including hemodialysis patients
and solid organ transplant recipients (16 females and 39 males; median 56.5, range 22-74)
were analyzed. Whole blood and serum samples were collected six months after
BNT162b2 vaccination in both groups. Peripheral blood mononuclear cells (PBMC) were
isolated from heparin-treated blood by standard density gradient centrifugation and used
for ELISpot assay. Whole blood was used for IFNy whole blood assay and lymphocyte
counts. Serum was used for Spike SARS-CoV-2 IgG serology. The study was approved by
the local Ethics Committee (Comitato Etico Area Pavia) and Institutional Review Board
(P-20210000232). All the subjects signed informed written consent.

2.2. Peptide Pools

Peptide pools (15mers, overlapping by 10 amino acids, Pepscan, Lelystad, The
Netherlands) representative of the Spike protein (S) were used at final concentration of
0.225 pg/mL. Phytoheamagglutinin (PHA; 5 pg/mL) and superantigen staphylococcal
enterotoxin B (SEB; 10 ug/mL) were used as positive controls in ELISpot assay and IFN y
whole blood assay, respectively.

2.3. ELISpot Assay

Ninety-six-well plates (Merck, Darmstadt, Germany) were coated with IFN vy
monoclonal capture antibody and stored overnight at 4 °C. After two hours blocking with
culture medium, 200,000 cell/well were incubated with stimulating agents: PHA (positive
control), and S peptide pool. Medium only was used as negative control. Plates were
maintained overnight at 37 °C (5% COz). After multiple wash, anti-IFNy biotinylated
antibody was added and incubated 90 min at 37 °C. Any excess of unbound detection
antibodies was removed by washing and streptavidin-alkaline phosphatase conjugate
was added and incubated at 37 °C (5% CO). Finally, substrate 5-bromo-4-chloro-3-indolyl
phosphatase/nitro blue tetrazolium (BCIP/NBT) was added for 20 min at room
temperature. Plates were washed under running water. AID ELISPOT reader system from
Autoimmune Diagnostika GmbH (Strasburg, Germany) was used for spots count.
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Results were given as IFNy spot forming units (SFU)/10¢ PBMC, after subtracting
medium alone response. Valid results were considered when in presence of PHA higher
than 100 IFNy SFU/200,000 cells and medium lower than 5 IFNy SFU/200,000 cells.
Antigen responses higher than 10 IFNy SFU/10° PBMC were considered to be positive
[10].

2.4. Home-Made IFNy Whole Blood Assay

One mL of whole blood was stimulated with the same S peptide pool used for
ELISpot assay or SEB as positive control. Unstimulated whole blood was used as negative
control. Whole blood was maintained overnight at 37 °C (5% COz). Then, plasma was
collected and stored at —80 °C. S-specific IFNYy levels were evaluated using ELISA assay,
according to manufacturer’s instructions (Quantikine ELISA, R&D systems, Minneapolis,
MN, USA). S-specific IFNY levels of negative control was subtracted from unstimulated
one and normalized on lymphocyte count (BD Lyric flow cytometer, Franklin Lakes, NJ).
The detection limit of the test was 0.149 pg/mL. IFNy levels higher than 10 pg/mL were
considered positive.

Home-made whole blood interferon-gamma release assay (HM-WB IGRA) was then
compared with three CE-IVD commercial assay for the quantification of SARS-CoV-2
specific IFNy production. In detail, 45 samples were tested with Covi-FERON (SD
Biosensor, Suwon-si, Republic of Korea) and Quan-T-cell (Euroimmun, Lubeck,
Germany) and results were compared with those obtained by HM-WB IGRA. Ten samples
were tested with QuantiFERON SARS-CoV-2 (Qiagen, Hilden, Germany) and results
were compared with those obtained by HM-WB IGRA.

2.5. Statistical Analysis

GraphPad Prism 8.3.0 GraphPad Software, La Jolla, CA, USA) was used for statistical
analyses. A two-sided p value <0.05 was considered statistically significant. Data were
described with the median and interquartile range (IQR) if continuous and as counts and
percentage if categorical. Comparison between two groups was performed using the
Mann-Whitney U (unpaired samples) or Wilcoxon (paired samples) test while
Spearman’s test was used for the correlation analysis. Fisher’s exact test was used for
comparison of categorical variables.

3. Results
3.1. Correlation between Whole Blood Stimulation and ELISpot Assays in HCWs and ICs

Results obtained by HM-WB IGRA were correlated with those obtained by ELISpot
assay in 150 subjects (95 HCWs and 55 ICs). Overall, 116/150 subjects were positive for
ELISpot assay; of them, 93 (80.2%) were positive also for HM-WB IGRA. On the other
hand, 34/150 subjects were negative for ELISpot assay and, of them, 28 (82.4%) were also
negative for HM-WB IGRA (Table 1).

Table 1. Agreement between ELISpot and HM-WB IGRA in 150 samples.

ELISpot
HM-WB IGRA Positive Negative Total
Positive 93 6 99
Negative 23 28 51
Total 116 34 150

Legend: HM-WB IGRA: Home-made whole blood Interferon-gamma release assay; ELISpot:
enzyme-linked immunospot assay.

Focusing on the performance of the assay in HCWs and ICs, we observed a better
correlation between the two assays in ICs than in HCWs (Figure 1A,B). In detail, 30/55 ICs
were positive for ELISpot assay and, of them, 19/30 (63.3%) tested positive also for HM-
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WB IGRA. On the other hand, 25/55 were negative of ELISpot assay and, of them, 24 (96%)
were confirmed as negative when tested for HM-WB IGRA. In HCWs cohort, 86/95
subjects were positive for ELISpot assay and, of them, 75/86 (86.2%) were also positive for
HM-WB IGRA. Nine subjects showed ELISpot below the cut-off and four of them (44.4%)
were also negative for HM-WB IGRA.
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Figure 1. Correlation between HM-WB IGRA (IFNy pg/mL) and ELISpot assay in HCWs (A) and
ICs (B). Each dot represents a single sample; r and p value are given in the graph. HCWs: healthcare
workers; ICs: immunocompromised subjects

3.2. Semi-Quantitative Agreement between HM-WB IGRA and ELISpot Assay

We analyzed the number of SFU/million PBMC obtained by ELISpot assay in the
overall 150 subjects, stratified according to IFNy production level obtained by HM-WB
IGRA. In detail, 52/150 (34.7%) showed a negative IFNy production level (IFNy <10
pg/mL), 47/150 (31.3%) tested positive for IFNy at medium level (IFNvy level ranging from
10-100 pg/mL) and the remaining 51/150 (34.0%) showed high IFNy (higher than 100
pg/mL). Looking at HCWs, 16/95 (15.8%) showed a negative IFNYy production level (IFNy
<10 pg/mL). Thirty-four out of 95 (35.8%) were positive at low/medium level (IFNy level
ranging from 10-100 pg/mL) and the large majority (51/95; 53.7%) showed high levels of
IFNYy response. On the other hand, the large majority of ICs showed negative immune
response by HM-WB IGRA (39/55; 70.9%) and only 16/55 (29.1%) showed low/medium
levels of IFNYy production. None showed IFNY higher than 100 pg/mL. The median level
of SFU/million PBMC for each group of IFNy response was compared in both HCWs
(Figure 2A) and ICs (Figure 2B).
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Figure 2. Distribution of SFU/million PBMC based on the IFNy production measured by HM-WB
IGRA is shown in HCWs (A) and ICs (B). Subjects were divided into three groups based on the level
of IFNy measured by HM-WB IGRA: negative (<10 pg/mL), positive at low/medium level (ranging
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from 10 to 100 pg/mL) and positive at high level (>100 pg/mL). Median SFU/million PBMC were
measured in all the three groups and the p value for each comparison is given.

3.3. Commercial Assays for the Quantification of IFNy Production in SARS-CoV-2 Vaccinated
Subjects

In a subset of samples, comparison between HM-WB IGRA and commercial assays
was performed. In detail, Covi-FERON and Quant-T-Cell were tested in parallel in 42
samples and results were compared with those obtained by our HM-WB IGRA assay.
Covi-FERON tested positive in 27 samples (25 of them tested positive also for home- HM-
WB IGRA) while 16 samples tested negative (12/16 were also negative for HM-WB IGRA)
(Figure 3A). Overall, the agreement for positive results was 93% and the agreement for
negative results was 75%. On the other hand 36 samples tested positive by Quant-T-Cell
assay (28/36 positive for HM-WB IGRA) and 7 were negative by Quant-T-Cell assay (6/7
negative for HM-WB IGRA) (Figure 3B). Overall, the agreement for positive results was
78% and the agreement for negative results 86%. In a small subset of samples,
QuantiFERON SARS-CoV-2 was tested in comparison with HM-WB IGRA (Figure 3C),
showing a good correlation (r = 0.97).
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Figure 3. Comparison of home-made WB stimulation assay with Covi-FERON (A), Quant-T-Cell
(B) and QuantiFERON SARS-CoV-2 (C) tests. Correlation was determined using Spearman
correlation test and r and p value were given for each comparison.

4. Discussion

The understanding of SARS-CoV-2 cell-mediated response in vaccinated frail
patients is still a critical issue, in order to define immunization strategies and patient
management. In case of vaccinated immunosuppressed subjects, including transplanted
patients, monitoring of immune response elicited by vaccination might be important for
the identification of those subjects with higher risk of developing disease after infection
[13]. At the same time, it has been largely demonstrated that T-cell response against SARS-
CoV-2 might be elicited even in absence of detectable humoral response [9,14]. Lastly, in
the era of new variants, it has been demonstrated that SARS-CoV-2 T-cell response seems
to be less affected by the mutations occurring in SARS-CoV-2 variants [15-17].

There is an urgent need to assess simple and standardized methods for the evaluation
of T-cell mediated response against SARS-CoV-2. In this study we settled a simple and
easy-to-perform assay for the evaluation of S-specific cell-mediated response, by
stimulating whole blood and quantifying IFNYy release. The method showed a good
correlation with our previously developed in-house ELISpot assay, in both healthcare
workers and immunocompromised subjects. Overall, 90% and 83% of healthcare workers
tested positive for ELISpot assay and HM-WB IGRA, respectively, suggesting the lower
sensitivity of the latter one. Similarly, a higher percentage of responder subjects was
reported for immunocompromised subjects with ELISpot assay (56%) than respect to HM-
WB IGRA (33%). Additionally, three commercial assays were compared with our HM-WB
IGRA, reporting a good agreement in terms of both positive and negative results.
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As major limitation of the study, only BNT162b2 vaccinated subjects were considered
and unexposed donors were not included as control group, thus the correct estimation of
the cut-off might be further explored. Additionally, no clinical correlation was provided,
thus, a clear association between T-cell response and risk of SARS-CoV-2 infection or
disease was not obtained in this study. In the next future, a longitudinal monitoring of T-
cell response in vaccinated immunocompromised subjects is needed in order to evidence
possible marker of infection risk and infection-related diseases.

Author Contributions: Conceptualization, F.B. (Fausto Baldanti); methodology, F.B. (Federica
Bergami) F.A. and G.T.; formal analysis, D.L., I.C.; resources, F.B. (Fausto Baldanti), D.L.; data
curation, I.C., D.L., and F.B. (Federica Bergami); writing—original draft preparation, I.C.; writing —
review and editing, D.L.; investigation, F.B. (Federica Bergami) F.A., M.G., E.T., EF.P., FM., and
M.A; supervision, F.B. (Fausto Baldanti) All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Ministero della Salute, Ricerca Corrente grant number
08073621 and 08072821 and Fondazione Cariplo, grant CoVIM number 2020-1374.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki, and approved by the Ethics Committee “Area Pavia” (P-20210000232 on 10
February 2021).

Informed Consent Statement: All the subjects signed informed written consent.
Data Availability Statement: Data available on request due to restrictions (privacy and ethical).

Acknowledgments: We thank “Trapiantami un Sorriso—Pavia per i trapianti” for funding
management. We thank Daniela Sartori for manuscript editing and Chiara Agrati, IRCCS INMI
Lazzaro Spallanzani, Roma, for helpful advice in the setting of HM-WB-IGRA. We thank
Euroimmun, RELAB srl and Qiagen for providing part of the assays free of charge.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sethuraman, N.; Jeremiah, S.S.; Ryo, A. Interpreting Diagnostic Tests for SARS-CoV-2. JAMA 2020, 323, 2249-2251.

2. Walsh, E.E,; Frenck, R.W.].; Falsey, A.R; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Mulligan, M.].; Bailey,
R. et al. Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine Candidates. N. Engl. J. Med. 2020, 383, 2439-2450.

3.  Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, ].L.; Pérez Marc, G.; Moreira, E.D.; Zerbini,
C. et al. C4591001 Clinical Trial Group. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. ]. Med. 2020,
383, 2603-2615.

4. Baden, L.R; El Sahly, H.M.; Essink, B.; Kotloff, K; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B. et
al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. ]. Med. 2021, 384, 403—416.

5. Hasan, A, Al-Ozairi, E.; Al-Baqsumi, Z.; Ahmad, R.; Al-Mulla, F. Cellular and Humoral Immune Responses in Covid-19 and
Immunotherapeutic Approaches. Immunotargets 2021, 10, 63-85.

6.  Zhao, J.; Alshukairi, A.N.; Baharoon, S.A.; Ahmed, W.A.; Bokhari, A.A.; Nehdi, AM.; Layqah, L.A.; Alghamdi, M.G.; Al
Gethamy, M.M.; Dada, A.M. et al. Recovery from the Middle East respiratory syndrome is associated with antibody and T-cell
responses. Sci. Immunol. 2017, 2, eaan5393.

7. Li, CK; Wu, H; Yan, H;; Ma, S.; Wang, L.; Zhang, M.; Tang, X.; Temperton, N.J.; Weiss, R.A.; Brenchley, ].M. et al. T cell
responses to whole SARS coronavirus in humans. J. Immunol. 2008, 181, 5490-5500.

8. Ng, O.W,; Chia, A; Tan, A.T,; Jadi, R.S,; Leong, H.N.; Bertoletti, A.; Tan, Y.J. Memory T cell responses targeting the SARS
coronavirus persist up to 11 years post-infection. Vaccine 2016, 34, 2008-2014.

9.  Cassaniti, I; Percivalle, E.; Bergami, F.; Piralla, A.; Comolli, G.; Bruno, R.; Vecchia, M.; Sambo, M.; Colaneri, M.; Zuccaro, V.; et
al. SARS-CoV-2 specific T-cell immunity in COVID-19 convalescent patients and unexposed controls measured by ex vivo
ELISpot assay. Clin. Microbiol. Infect 2021, 27, 1029-1034.

10. Sherina, N.; Piralla, A.; Du, L.; Wan, H.; Kumagai-Braesch, M.; Andréll, J.; Braesch-Andersen, S.; Cassaniti, I.; Percivalle, E.;
Sarasini, A. et al. Persistence of SARS-CoV-2-specific B and T cell responses in convalescent COVID-19 patients 6-8 months after
the infection. Med. (N. Y.) 2021, 2, 281-295.e4.

11. Petrone, L.; Petruccioli, E.; Vanini, V.; Cuzzi, G.; Najafi Fard, S.; Alonzi, T.; Castilletti, C.; Palmieri, F.; Gualano, G.; Vittozzi, V;
et al. A whole blood test to measure SARS-CoV-2-specific response in COVID-19 patients. Clin. Microbiol. Infect 2021, 27, 286.e7—
286.e13.

12. Gong, F.; Dai, Y.; Zheng, T.; Cheng, L.; Zhao, D.; Wang, H.; Liu, M.; Pei, H.; Jin, T.; Yu, D. et al. Peripheral CD4+ T cell subsets

and antibody response in COVID-19 convalescent individuals. J. Clin. Investig. 2020, 130, 6588—-6599.



Diagnostics 2022, 12, 1509 7of7

13.

14.

15.

16.

17.

Weiskopf, D.; Schmitz, K.S.; Raadsen, M.P.; Grifoni, A.; Okba, N.M.A.; Endeman, H.; van den Akker, J.P.C.; Molenkamp, R.;
Koopmans, M.P.G.; van Gorp, E.C.M. et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients with
acute respiratory distress syndrome. Sci. Immunol. 2020, 5, eabd2071.

Kronbichler, A.; Anders, H.J.; Fernandez-Juarez, G.M.; Floege, J.; Goumenos, D.; Segelmark, M.; Tesar, V.; Turkmen, K.; van
Kooten, C.; Bruchfeld, A. Immunonephrology Working Group of the ERA-EDTA (European Renal Association—European
Dialysis, Transplant Association). Recommendations for the use of COVID-19 vaccines in patients with immune-mediated
kidney diseases. Nephrol Dial Transpl. 2021, gfab064. Online ahead of print

Cassaniti, I.; Bergami, F.; Arena, F.; Sammartino, J.C.; Ferrari, A.; Zavaglio, F.; Curti, I.; Percivalle, E.; Meloni, F.; Pandolfi, L. et
al. Immune Response to BNT162b2 in Solid Organ Transplant Recipients: Negative Impact of Mycophenolate and High
Responsiveness of SARS-CoV-2 Recovered Subjects against Delta Variant. Microorganisms 2021, 9, 2622.

Cassaniti, I.; Bergami, F.; Percivalle, E.; Gabanti, E.; Sammartino, J.C.; Ferrari, A.; Adzasehoun, KM.G.; Zavaglio, F.; Zelini, P.;
Comolli, G.; et al. Humoral and cell-mediated response against SARS-CoV-2 variants elicited by mRNA vaccine BNT162b2 in
healthcare workers: A longitudinal observational study. Clin. Microbiol. Infect 2022, 28, 301.e1-301.e8.

Tarke, A.; Sidney, J.; Methot, N.; Yu, E.D.; Zhang, Y.; Dan, ] M.; Goodwin, B.; Rubiro, P.; Sutherland, A.; Wang, E. et al. Impact
of SARS-CoV-2 variants on the total CD4+ and CD8+ T cell reactivity in infected or vaccinated individuals. Cell Rep. Med. 2021,
2,100355.



