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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-specific cellular immune
response has been shown to play a critical role in preventing severe illness or death in patients
infected with SARS-CoV-2 or its variants. Given the multiple T-cell epitopes shared by wild-type
virus and its variants, we hypothesized that vaccines that target multiple T-cell epitopes of SARS-
CoV-2 may provide a “universal protection” against the wild-type virus as well as its variants, even
the heavily mutated ones. To test this, we assessed SARS-CoV-2-specific T-cell precursors in healthy
individuals using overlapping peptide pools of SARS-CoV-2 structural and functional proteins,
including spike (S), membrane (M), envelope (E), nucleocapsid (N), and protease (P) proteins as
target antigens. Diverse T-cell precursor frequencies specific to these viral antigens were detected in
healthy individuals, including high, medium, low, and no responders. This was further confirmed by
efficient induction of anti-SARS-CoV-2 T-cell immune responses using ex vivo dendritic cell (DC)/T
cell coculture. The results demonstrated T-cell responses consistent with the precursor frequencies of
each of the individuals tested. Importantly, the combination of all five viral peptide pools induced
the strongest cellular immune response, and further, after a DC-peptides re-stimulation, even the no
responders developed an increased anti-viral T-cell response. These analyses recapitulate the presence
of a broad anti-SARS-CoV-2 cellular immunity even in an immune naive population, which could
be enhanced by antigen presenting cells presenting the overlapping antigenic peptides. Given the
critical role of cellular immunity in COVID-19 protection, these results have important implications
for vaccine design and immunotherapy in fighting SARS-CoV-2 and its variants.
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1. Importance

Facing the rapidly evolving SARS-CoV-2 variants in the world, the current mRNA
or AdV5 vaccines are not as efficiently protective against certain variants as against the
wild-type virus. A “universal vaccine” targeting both wild-type and variants is therefore
urgently needed. It has been shown that cellular immunity plays a critical role in controlling
viral replication and preventing severe illness or death in COVID-19 patients. Unlike
vaccine-induced humoral immunity, which targets a narrow scope of B-cell epitopes,
mostly the immunodominant receptor-binding domain (RBD), the T cells target a wide
range of epitopes, which renders the viral variants unlikely to escape the T-cell immunity.
In this study, we designed a series of antigenic peptides encompassing the conserved
and/or essential domains of spike (S), membrane (M), envelope (E), nucleocapsid (N), and
protease (P) as targets to assess SARS-CoV-2-specific immunity in a population that has no
known prior exposure to the virus. The results demonstrated a diverse cellular immunity
against SARS-CoV-2, including high, medium, low, and no responders. This was verified
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by in vitro generation of anti-SARS-CoV-2 T-cells. The study suggested that individuals
responded differently to the different viral antigens, and importantly, ex vivo stimulation
with peptide-pulsed DCs could produce virus-specific T cells in all individuals, including
the no responders. Given the critical role of cellular immunity in COVID-19 protection,
and the multiple T-cell epitopes shared by the wild-type virus and its variants, these
results have important implications for vaccine design and immunotherapy in fighting
SARS-CoV-2 and its variants.

2. Introduction

The clinical manifestations of COVID-19 are variable, ranging from asymptomatic to
mild, moderate, and severe illness with systemic complications, including acute respiratory
distress syndrome (ARDS), acute heart injury, and secondary infections [1,2], as well as
cytokine storm caused by acute and excessive inflammatory response locally and system-
ically [3]. The infection further increases systemic vascular vulnerability, causing acute
respiratory distress and multiple organ failure [4,5].

Lymphocytopenia is a common feature in patients with severe COVID-19, accompa-
nied by a sharp decrease in the number of CD4 and CD8 T cells, B cells, and natural killer
(NK) cells [6,7]. T-cell lymphopenia has been reported to be correlated with disease severity,
suggesting a role for the T cells in the pathophysiology of severe COVID-19 [7,8]. Further-
more, robust T-cell immunity was detected in convalescent individuals with asymptomatic
or mild COVID-19, suggesting that T-cell immunity may play a key role in preventing the
transition from mild to severe illness during infection.

Antibody-dependent enhancement (ADE) of viral entry has been a major concern for
viral epidemiology and vaccine development. Most of the conventional vaccines are aimed
at establishing humoral immunity, with the spike protein of the wild type SARS-CoV-2 as
the main target. There have been concerns for the ADE effect with the SARS-CoV-2 vaccines,
where antibodies may facilitate viral entry into host cells and enhance viral infection, as has
been observed in the dengue infection and HIV-1 vaccine development [9,10]. Furthermore,
the humoral immunity may be ineffective in complete virus clearance, although sera from
COVID-19 survivors have been reported to be capable of clearing the virus in most of
the recipient patients [11,12]. Recent studies reveal the existence of broad virus-specific
T-cell responses in asymptomatic carriers, which further highlights a critical role of cellular
immunity in development of the COVID-19 vaccines [13,14].

To control viral infection, the cytotoxic T lymphocytes (CTLs) reactive to specific viral
antigens have proven to be an essential contributor. Ex vivo expanded antigen-specific T
cells targeting cytomegalovirus (CMV), Epstein—Barr virus (EBV), and adenovirus have
been successfully applied to treating hematopoietic stem cell and solid organ transplant
patients who have developed post-transplant viral diseases [15,16]. The immunogenic
components of a virus include a complex number of epitopes derived from the multiple
viral proteins. Here, we tested the immunogenicity of the various SARS-CoV-2 structural
and functional proteins using pooled peptides from the individual proteins to evaluate
the virus-specific cellular immunity in healthy subjects. The results illustrated a glimpse
into the diverse host immunity in the population including no, low, medium, and high
responders to the different SARS-CoV-2 proteins. Extended in vitro immune activation
using pooled viral peptides demonstrated the feasibility of eliciting an anti-viral cellular
immunity even in the low and no responders.

3. Materials and Methods
3.1. Blood Donors and PBMC Isolation

Peripheral blood specimens were obtained from healthy donors after approval from
the Institutional Review Board (IRB) of Shenzhen Geno-Immune Medical Institute (GIMI
IRB-20001 and IRB-20002). PBMCs were isolated using Ficoll-Paque plus (GE Healthcare,
Shanghai Co. Ltd., Shanghai, China). All PBMC samples were collected and cryopreserved
prior to October 2019.
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3.2. Synthesis of Overlapping Pentadecamer Peptides

Peptide pools of eleven overlapping pentadecamers derived from SARS-CoV-2 viral
proteins were synthesized at >95% purity by Shanghai Royobiotech Co., Ltd., (Shanghai,
China), which included 47 peptides of the S protein, 53 peptides of the M protein, 16 peptides
of the E protein, 38 peptides of the N protein, and 28 peptides of the P protein (as illustrated
in Figure 1). The control peptide pool, including viral peptides selected from defined
HLA class I-restricted T-cell epitopes for T cell assays, was purchased from JPT Peptide
Technologies (Berlin, Germany). The control HIV-1 Pol peptide pool was obtained from
NIH AIDS and Reference Reagent Program. The lyophilized peptides were dissolved in
DMSO and mixed in equal parts to a final concentration of 1 mg/mL before use.
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Figure 1. Synthetic peptides of SARS-CoV-2 S, E, M, N, and P proteins and in vitro generation of antigen-specific T cells.
(A) Schematic illustration of SARS-CoV-2 particle. (B) Representative S, E, M, N, and P protein domains. (C) Diagram
of in vitro antigen-specific T cell generation. DCs and T lymphocytes were prepared from PBMCs and synthetic viral

peptide-pulsed DCs were used as antigen presenting cells (APCs) to activate T cells.

3.3. In Vitro Generation of SARS-CoV-2-Specific Cytotoxic T Lymphocytes

PBMCs were plated on a 10 cm dish at 7 x 107 cells/dish in AIM-V (Gibco, Thermo
Fisher Technology, China Co., Ltd., Shanghai, China). After 2 h, the nonadherent cells were
removed gently and frozen as the source of lymphocytes for co-culture use. To generate
mature dendritic cells (DCs), the adherent cells were cultured in AIM-V supplemented
with 50 ng/mL of GM-CSF and 25 ng/mL interleukin (IL)-15 (eBiosource International,
Inc., Camarillo, CA, USA) for 5 days, followed by incubation for 24 h with tumor necrosis
factor-o« (TNF-«, 50 ng/mL), IL-1 (10 ng/mL), IL-6 (10 ng/mL, all from R&D Systems,
MN, USA), and PGE2 (1 mM, Sigma-Aldrich, MO, USA) for maturation. DC-activated
antigen-specific immune effector cells were generated as described earlier [16,17]. In brief,
the mature DCs were loaded with SARS-CoV-2 S, E, M, N, and P pooled peptides (1 mg/mL
per peptide) for 3 h, followed by co-culture with autologous nonadherent PBMCs at a
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ratio of 1:20 in AIM-V with 2% human AB serum. On day 3, half of the medium was
replaced with fresh medium supplemented with IL-2 (12.5 U/mL), IL-7 (5 ng/mL), and
IL-15 (20 ng/mL, all from Gentaur, Aachen, Germany). The cells were cultured with half of
the medium replaced with a fresh medium with cytokines every other day until analysis.

3.4. ELISPOT Assay of Immune Effector Function

The frequency of T-cell precursors against SARS-CoV-2 in healthy subjects was deter-
mined by using the IFN-y ELISPOT assay. The ELISPOT plate was coated with a capture
Ab at 4 °C overnight. Then, 1 x 10° fresh PBMCs or cultured effector cells were added
to each well of a precoated plate. Next, the antigenic peptides or PHA were added at
final 200 uL/well in AIM-V supplemented with 5% human AB serum without cytokines
at 37 °C for 18-24 h. PHA served as a positive control, and HIV-1 pooled peptides as a
control for non-specific background activity. The final concentrations of reagents used
were: PHA, 100 ng/mL; SARS-CoV-2 peptides, 1 mg/mL; and HIV-1 Pol peptide pool,
1 mg/mL. The pooling of SMENP peptides was performed so that the final concentration
of the pooled peptides was equal to the final concentration of each single one and the HIV-1
pol peptide pool at 1 mg/mL. The cells without antigen treatment were used as blank and
marked as “Medium”. All samples were tested in duplicates. The spots in each plate were
quantified using the Bio Reader 400 Pro-X, which automatically and digitally recognized
true spots and eliminated false signals for analysis. The antigen-specific T-cell frequencies
were determined and presented as spot-forming cells per 10° PBMCs (as illustrated in
Figure 2B) after subtraction of the background PBMC spot number. The fold of increase for
each antigen-specific responding T cell was calculated based on the total recorded T-cell
spots divided by the background PBMC spots (as illustrated in Figure 2C). Of note, the
E peptides contained many hydrophobic amino acids, which resulted in the addition of
trifluoroacetate in the purification of peptides. This made the bottom of ELISPOT plate red.
The automated spot reader can distinguish this color background from true spots.

3.5. Immune Effector CD107a Degranulation and Intracellular Cytokine Staining

These assays were performed as previously described [18]. Briefly, 2 x 10° SARS-
CoV-2-specific T cells were stimulated for 5 h in a 96 well plate with peptides. Monensin
A (Sigma-Aldrich) and FITC-conjugated Abs for CD107a or isotype matched antibodies
(BD Pharmingen, San Diego, CA, USA) were added 1 h after stimulation and incubated
for 5 h. Cells were then stained with antibodies against CD3, CD8, and CD4 and fixed,
permeabilized with Cytofix/Cytoperm solution, and stained with antibodies against
IFN-y, TNF-«, and IL-2 (all from BD Pharmingen) at 4 °C for 20 min. An unrelated
peptide group was included as a negative control for spontaneous CD107a release
and/or cytokine production.

3.6. Statistical Analysis

Statistical analysis was performed using MiniTab software. A Shapiro-Wilk test was
applied for normality of data, and a Levene’s test for equality of variances. In the case
of data with normality and equality of variances, one-way ANOVA followed by Tukey’s
range test was used for multiple comparison. In addition, Kruskal-Wallis H-test (one-
way ANOVA on ranks) was used to determine the difference among the multiple groups,
followed by the Dunnettes test for any two-group comparison. A p value less than 0.05 is
considered statistically significant.
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Figure 2. SARS-CoV-2 specific T-cell precursor frequencies in healthy subjects. (A) IFN-y ELISPOT assay. PBMCs of
30 healthy subjects were activated in vitro with individual or pooled S, E, M, N, and P peptide mixes, and IFN-y reactive
cells were detected. PHA activated T cells were used as positive controls. The HIV-1 Pol peptide pool was included as
background control as all donors were HIV-1-negative. The group (PBMC) without antigen stimulation was also included
as background control. Representative ELISPOT wells are shown on top, and the machine-documented spot numbers
listed below were the mean values of duplicates for all 30 donors. (B) The number of spot-forming cells after background
subtraction per indicated target antigens (below the background levels were shown as 0). Each symbol represents a peptide
pool, and different colors represent different subjects. The bar represents the median response value of all subjects to each
antigen peptide pool after deducting the background value. (C) Pie graph illustration of the diverse individual cellular
immune response to the different viral antigens based on fold of increase of spot forming cells. The color classification of
individual response illustrates different ranges of IFN-y specific spots: high responder, >3 fold of increase in spots; medium
responder, 2-3 fold of increase; low responder, 1.5-2 fold of increase; and no responder, <1.5 fold of increase.
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4. Results
4.1. The Rationale for the Design of Antigenic Peptide Pools of SARS-CoV-2 Structural and
Functional Proteins

Detailed analyses of the genome sequences of SARS-CoV-2 with the genomes of SARS
virus and MERS virus revealed that the structural proteins, spike (S) and membrane (M),
of the coronavirus have a low sequence conservation, while the envelope (E), nucleocapsid
(N), and protease (P) regions are highly conserved. To identify potential vaccine targets,
we analyzed the genes of all structural proteins of SARS-CoV-2, including S, M, E, N, and
the polyprotein cleavage protease (P), and synthesized selected pools of pentadecamer
peptides spanning across functional domains of these polyproteins, including the RBD
of S protein, the full-length of E and M proteins (M being the most abundant protein of
coronavirus), and the nucleic acid binding domain (NBD) plus the serine-arginine rich
(SR) domains including the helix-turn-helix motif of N protein, and the domain III of
Mpro (Figure 1A,B). The rationale to design these pentadecapeptides was to encompass
the selected conserved functional domains in the SARS-CoV-2 sequence, which are less
likely to mutate due to their functional importance, and the pentadecapeptides can induce
both class I and class II MHC-restricted T cell responses based on our past experiences [15].

To induce antigen-specific immune effector cells, mature DCs generated in vitro from
PBMCs were pulsed with specific antigen pools of SARS-CoV-2 peptides, followed by co-
culture with peripheral blood lymphocytes to activate antigen-specific T cells, as illustrated
in Figure 1C.

4.2. Assessment of SARS-CoV-2 Antigen-Specific Precursor Frequency in Healthy Individuals

To assess the frequency of immune effectors to SARS-CoV-2 in healthy individuals, we
examined antigen-specific T cells in 30 healthy subjects who had no known prior exposure
to SARS-CoV-2 and no history of HIV infection. The pooled viral S, M, E, N, and P peptides,
as well as a control HIV peptide pool, were added to PBMCs isolated from these individuals.
The cells were incubated for 17 h, followed by IFN-y ELISPOT analysis. The IFN-y specific
spots represented the antigen-specific T cells activated by the peptide antigens. Positive
response was arbitrarily set at a 1.5-fold increase in the numbers of IFN-y-secreting T-cell
spots in the test wells versus the control wells, which included PBMC alone or treatment
with HIV peptides.

We observed a diverse range of SARS-CoV-2-specific primary T-cell frequencies in the
healthy subjects, presented as spot-forming cells in Figure 2A (average spots and raw data
available in Supplementary Tables S1-S3). After deducting the background values, the
frequencies of antigen specific T cells per 10° PBMCs to each peptide antigen pool for each
subject are plotted in Figure 2B, and the bars represent the median value of responding T
cells to each antigen pool. There was a trend that the five mixed peptide pools (SMENP)
revealed the highest T-cell precursor frequencies as compared with the individual viral
peptide pools but without statistical significance (Figure 2B). The antigen specific response
was also quantified based on the fold of increase over the PBMC background level. We
arbitrarily set the scales as no responder if the number was less than 1.5-fold of the PBMC
background level, low responders if 1.5-2-fold higher, median responders if 2-3-fold higher,
and high responders if 3-fold or higher. As shown in Figure 2C, the SMENP peptide pools
induced the most robust response (23%) as compared to the other five individual peptide
pools. As revealed by one-way ANOVA followed by Tukey’s test for multiple comparisons,
the individual donors showed diverse responses to various viral antigens with significant
difference (p < 0.01, Figure 2B,C and Supplementary Figure S1), with more than 60% of
the tested subjects showing no detectable SARS-CoV-2-specific cellular immune response
(no responders, limit of detection at 10° PBMC). Furthermore, the high responders to the
S peptide pool, mainly the RBD domain, which is the preferred antigenic target in most
COVID-19 candidate vaccine design, is only 10%, similar to those of the high responders to
the M peptide pools.
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4.3. Activation of SARS-CoV-2-Specific Immune Cells In Vitro

To investigate whether T cells from the different responders could be activated by
SARS-CoV-2 antigens, we selected donors with different responses in the precursor fre-
quency test to perform an in vitro T-cell activation assay. Immature DCs were generated
from adherent blood monocytes for 5 days in the presence of GM-CSF and IL-4 [19]. After
maturation, the DCs were pulsed with the various SARS-CoV-2 antigenic peptide pools, as
well as the pooled SMENP peptides, or a negative control HIV-1 Pol peptide pool, which
was followed by coculture with autologous T cells for 12 days before ELISPOT analyses.
The results showed that the activation potential of the individual antigen-specific T cells
correlated with their corresponding donor’s T cell precursor frequencies, i.e., the high
responders developed the strongest T cell response, and the no responders developed
little to no response (Figure 3A). The high responder group showed enhanced specific
cellular immune response by more than 30-fold after 12 days in culture, and the medium
responder group and low response group increased about 15-fold and 10-fold, respectively.
On the other hand, the expansion of the antigen-specific T cells in the no responder group
was relatively low (Figure 3B). Again, there was a diversity in the individual preference
in response to the various viral antigens of SARS-CoV-2, e.g., the high responder had
the lowest response to the E antigen, whereas the no response donor #2 had the highest
response to the E antigen.
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Figure 3. Primary activated T cells for 12 days against SARS-CoV-2 antigens. (A) IFN-y ELISPOT assay of T cells from
selected responders. T cells were cultured for 12 days from the different subjects including no, low, medium, and high
responders. PHA treatment served as positive control, and HIV-1 peptides and CTL without antigen served as background
controls. (B) Bar graph analysis of the IFN-y specific T-cell expansion fold of increase based on spot-forming cells against
the different viral antigens for the five subjects. The error bars depict the variation range of the duplicates.
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4.4. Immune Re-Stimulation and Extended Culture to Enhance Detection of Low-Frequency Viral
Antigen-Specific Responding Cells

To investigate if the anti-viral immune response could be enhanced in the no respon-
ders by a second round of immune stimulation and extended culture time, we re-stimulated
the in vitro cultured T cells from the two no responders with autologous DCs pulsed
with the same SARS-CoV-2 antigen peptide pools and extended the culture for 30 days.
ELISPOT assay was then performed to assess the specific T-cell responses. As compared
with the 12-day results, the background value of the non-specific cells decreased signif-
icantly (Figure 4A), and the antigen-specific T cells increased to more than 20-fold after
the re-stimulation (Figure 4B). This result suggested that individuals with low frequency
of immune response to the SARS-CoV-2 could increase in the viral antigen-specific T-cell
population after re-stimulation and extended culture time.
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Figure 4. Secondary DC/T-cell activation at 30 days against SARS-CoV-2 antigens. (A) IFN-y ELISPOT assay of two no
responders after secondary antigen activation. The T cells after primary and secondary DC activation were cultured for
30 days from two no response donors. PHA served as a positive control, and HIV-1 peptide pools and CTL without antigen
stimulation served as background controls. (B) The comparison of primary day 12 versus secondary day 30 IFN-y spot
expansion folds of T cells against indicated target antigens.

4.5. Anti-SARS-CoV-2 Effector Activities of the In Vitro DC-SEMNP-Activated T Cells

Upon T-cell receptor (TCR) engagement and stimulation by antigens in association
with major histocompatibility complex (MHC) molecules, specific immune effector func-
tions can be demonstrated by the activation and release of specific effector molecules such
as IFN-y, TNF-«, IL-2, and CD107a [18,20,21]. We examined the SARS-CoV-2 antigen-
specific T cell response by intracellular staining for TNF-«, IFN-vy, IL-2, and CD107a. The
generation of a SARS-CoV-2 specific T-cell response was determined by comparing T-cell
stimulation with a control HIV-1 peptide pool. We observed several folds of increases in the
SARS-CoV-2 antigen-reactive T cells over the control T cells (Figure 5 and Supplementary
Figure 52), indicating that DCs presenting the SMENP epitopes (CTL + COVID-19) elicited
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a strong anti-SARS-CoV-2 T-cell response in both CD4 and CD8 T cells (CD107a, IFN-y,
TNEF-«, and IL-2, Figure 5B,C).
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Figure 5. Effector function analyses of T cells against SARS-CoV-2 SEMNP antigens. After DC-T-cell coculture, the viral
antigen-specific CTLs were analyzed for cytokine release and CD107a degranulation by intracellular staining and flow
cytometry. The TNF-«, IFN-y, IL-2, and CD107a production in T cells were illustrated in the FACS graphs after stimulations
with SARS-CoV-2 antigenic peptides. PMA and ionomycin (PMA + ION) activation served as positive control, and HIV-1
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peptide pools and CTL without antigen served as background controls. Flow cytometry analyses of TNF-, IL-2, IFN-y, and
CD107a-positive cells in CD4-gated or CD8-gated populations of the representative subjects are illustrated. (A) The gated
CD3 and CD8 T-cell populations and the control isotype antibody staining of the intracellular effectors. (B) Flow cytometry
analysis of intracellular IFN-y and CD107a in CD3, CD4, and CD8 gated populations. (C) Flow cytometry analysis of
intracellular TNF-« and IL-2 in CD3, CD4, and CD8 gated populations.

5. Discussion

A safe and effective COVID-19 vaccine is key to ending the global COVID-19 pan-
demic. Several vaccine candidates are currently in use, and many are in preclinical devel-
opment [22,23]. Virus-specific memory T cells have been shown to persist for years after
SARS-CoV infection [24,25]. Recent studies have shown that many people infected with
SARS-CoV-2 with mild symptoms or asymptomatic status can develop T-cell immunity
to the virus even without antibody response [26]. In addition, analysis of T-cell immunity
to specific SARS-CoV-2 epitopes also demonstrates the existence of anti-viral T cells in
un-exposed individuals [24,27,28]. This means that the actual level of population immunity
to the new coronavirus is higher than the antibody positive population.

In this study, we investigated SARS-CoV-2-specific cellular immunity in healthy
individuals who have no known exposure to the virus. Our results demonstrated that
approximately 60-70% of tested individuals had no cellular immune response to the virus.
About 20% of the tested subjects had T cell response to the virus, and a few of them
had strong cellular immune response to the virus. Note that many of the subjects of this
study came from Guangdong province (13 of the 30), the epicenter of the previous SARS
epidemic. Possible prior SARS-CoV exposure cannot be ruled out. It is anticipated that
those with strong cellular immunity to the virus may become asymptomatic or only have
mild symptoms after exposure to the virus, and probably a better prognosis, as reported by
a clinical study that cellular immunity is associated with recovery from COVID-19 [13,14].
The study subjects #4, #15, #26, and #28 had high precursor frequencies (Supplementary
Figure S1). From a retrospective survey, we discovered that subject #4, a young individual
who had lived in Guangzhou, China, during the SARS-CoV peak epidemic in 2001, might
have been exposed to the SARS virus at the time. The subjects #15 and #26, 65 and 39 years
of age, respectively, might have been exposed to other common cold human endemic
coronaviruses. The protein sequences of SARS-CoV-2 share high homology to SARS-
CoV and MERS (>90%) and moderate homology to the other coronaviruses [29]. The
SARS-CoV-2 peptide pools designed in this study encompassed several different viral
proteins, which include some highly conserved antigenic domains identical or similar to
the other coronaviruses (Supplementary Table 54, CoV sequence homology comparison
using BLASTP based on FASTA databases).

It is not surprising that there is a diversity in anti-viral cellular immunity as the
viral antigens are presented based on the individual human leukocyte antigen (HLA or
MHOC) type. For example, it is known that HLA-B27 individuals exhibit an HIV-resistant
phenotype [30]. It is also possible that some individuals are highly susceptible to the
SARS-CoV-2 infection, while others may be more resistant to the virus. Importantly, our
study showed that when the immune cells were exposed to all five viral protein peptides,
there was an increase in overall T-cell response. However, the design of antigenic peptides
spanning across the entire protein domains might have included regulatory T-cell epitopes,
and thus inhibitory T cell responses could also be induced. This study included subjects
from both the Southern and Northern Chinese population with high variation in HLA
genotype. While HLA-restricted immunity plays a role in the antiviral response, further
defining individual HLA-specific SARS-CoV-2 response is out of the scope of this study.
Nevertheless, extended evaluation of viral effector and regulatory antigenic domains would
be helpful for anti-viral immunity studies.

The 30 subjects ranged from age 3 to 65, and 13 of them are from the Southern China
Guangdong province (Supplementary Figure S3 and Table S5). It is not clear how the
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age and geographic location contributed to the diverse SARS-CoV-2 cellular immunity.
Interestingly, when the immune response was plotted based on the response intensity to
each viral antigen and individual age, there was a trend that the cellular immune response
increased in subjects over 30 years of age (Supplementary Figure S3). However, due to the
limited number of subjects, as the “glimpse” in the title indicates, the significance of this
age factor awaits further investigation.

The SARS-CoV-2 is still evolving during the global pandemic [31], and the public
immunity of different ethnic groups to the virus may differ. Previous studies of cellular
immune protection against CMV, EBV, and adenovirus have indicated that targeting at
least two viral antigens to establish wider cellular immune responses can indeed increase
clinical benefits [32]. Therefore, one should consider targeting multiple viral antigens,
rather than a single protein such as the spike protein of SARS-CoV-2, for the vaccine to
have broader cellular immune responses.

A rapid cellular immune response to the SARS-CoV-2 may be key to the protective
immunity in the host. This would ensure quick removal of the infected cells to avoid a
systemic infection. It remains to be determined if a robust specific T-cell response can
prolong the protection against COVID-19. Nevertheless, a similar scenario has inferred
from previous studies of MERS and SARS-CoV that those individuals who have developed
potent memory T-cell responses after infection maintained a persistent anti-viral immunity
while antibody responses waned with time [33-35]. It has been reported that the SARS-
CoV-2 antibodies gradually decrease after infection in 90 days [35]. If so, targeting cellular
immunity against SARS-CoV-2 would be critical for vaccine development. Our work
provides a basis for analysis of the protective cellular immunity to COVID-19 in the general
population and points out the importance of designing vaccines to emphasize the cellular
immune protection.

6. Conclusions

Our conclusions are of significance not only for vaccine development, but also for
in vitro diagnosis. There are increasing reports about variable antibody responses and
attenuated humoral immunity in SARS-CoV-2 infected or vaccinated individuals. It is
well established that memory T cells can persist in the body for a prolonged period
of time. After cellular immunity development, the ELISPOT method may be useful to
distinguish between natural infection and vaccination. Furthermore, it could be applied to
individuals in the early stage of disease for the evaluation of anti-viral protective immunity
or potentially be useful for risk-stratification in the population.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/vaccines9080827/s1, Figure S1: Interval plot of spots vs. individual donors by one-way
ANOVA and Tukey’s test for multiple comparisons; Figure S2: Additional effector function analysis
of T cells against SARS-CoV-2 SEMNP; Figure S3: Individual subjects’” immune spot expansion
folds by color coding; Table S1: Raw data of ELISPOT analyses; Table S2: Raw data of ELISPOT
analyses after background correction; Table S3: Raw data of ELISPOT analyses of the different viral
antigens based on fold of increase; Table S4: BLASTP sequence alignment of the SMENP peptides
and SARS-CoV, MERS, and other seasonal coronavirus-related CoV strains; Table S5: Subject age and
geographic location.

Author Contributions: L.-].C. designed the studies; C.-W.C., Y.L., C.J. and H.L. performed the
experiments; C.-W.C. drafted the manuscript; X.C., C.-W.C. and ].G. performed the comprehensive
statistical analysis; L.-J.C. and X.C. made the revisions. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is funded by research funds from the Science and Technology Planning Tech-
nical Research Project of Shenzhen (KQTD20140630143254906, JCYJ20170817172416991) and the
Foundation for Introduction and Training of Outstanding Scholarship of the National “985” Project
(Project 985: A1098531023601102) and the Fundamental Research Funds for the Central Universities
(ZYGX2016Z009).


https://www.mdpi.com/article/10.3390/vaccines9080827/s1
https://www.mdpi.com/article/10.3390/vaccines9080827/s1

Vaccines 2021, 9, 827 12 of 13

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained or waved from all study subjects
with approval from Institutional Review Board in accordance with regulatory guidelines.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to the late Elizabeth Liu, Wellness Medical Center of
New Jersey, for helpful discussion during the study.

Conflicts 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.

References

1.  Huang, C.; Wang, Y; Li, X.; Ren, L.; Zhao, J.; Hu, Y;; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical Features of Patients Infected
with 2019 Novel Coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

2. Xu, Z,; Shi, L.; Wang, Y.; Zhang, ].; Huang, L.; Zhang, C.; Liu, S.; Zhao, P; Liu, H.; Zhu, L.; et al. Pathological Findings of
COVID-19 Associated with Acute Respiratory Distress Syndrome. Lancet Respir. Med. 2020, 8, 420-422. [CrossRef]

3. Coperchini, F; Chiovato, L.; Croce, L.; Magri, F.; Rotondi, M. The Cytokine Storm in COVID-19: An Overview of the Involvement
of the Chemokine/Chemokine-Receptor System. Cytokine Growth Factor Rev. 2020, 53, 25-32. [CrossRef] [PubMed]

4. Chan, J.F-W,; Yuan, S.; Kok, K.-H.; To, KK.-W.; Chu, H.; Yang, J.; Xing, E; Liu, J.; Yip, C.C.-Y.; Poon, RW.-S,; et al. A Familial
Cluster of Pneumonia Associated with the 2019 Novel Coronavirus Indicating Person-to-Person Transmission: A Study of a
Family Cluster. Lancet 2020, 395, 514-523. [CrossRef]

5. Birra, D.; Benucci, M.; Landolfi, L.; Merchionda, A.; Loi, G.; Amato, P; Licata, G.; Quartuccio, L.; Triggiani, M.; Moscato, P. COVID
19: A Clue from Innate Immunity. Immunol. Res. 2020, 68, 161-168. [CrossRef]

6. Tan, M,; Liu, Y;; Zhou, R.; Deng, X,; Li, E; Liang, K.; Shi, Y. Inmunopathological Characteristics of Coronavirus Disease 2019
Cases in Guangzhou, China. Immunology 2020, 160, 261-268. [CrossRef]

7. Qin, C.; Zhou, L.; Hu, Z;; Zhang, S.; Yang, S.; Tao, Y.; Xie, C.; Ma, K.; Shang, K.; Wang, W.; et al. Dysregulation of Immune
Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China. Clin. Infect. Dis. 2020, 71, 762-768. [CrossRef]

8. Chen, G; Wu, D,; Guo, W,; Cao, Y,; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical and Immunological
Features of Severe and Moderate Coronavirus Disease 2019. J. Clin. Investig. 2020, 130, 2620-2629. [CrossRef]

9.  Wan, Y,; Shang, J.; Sun, S.; Tai, W.; Chen, J.; Geng, Q.; He, L.; Chen, Y.; Wu, J.; Shi, Z.; et al. Molecular Mechanism for
Antibody-Dependent Enhancement of Coronavirus Entry. J. Virol. 2020, 94. [CrossRef] [PubMed]

10. Iwasaki, A.; Yang, Y. The Potential Danger of Suboptimal Antibody Responses in COVID-19. Nat. Rev. Immunol. 2020, 20, 339-341.
[CrossRef]

11. Wang, B.; Wang, L.; Kong, X.; Geng, J.; Xiao, D.; Ma, C.; Jiang, X.-M.; Wang, P-H. Long-Term Coexistence of SARS-CoV-2 with
Antibody Response in COVID-19 Patients. ]. Med. Virol. 2020, 92, 1684-1689. [CrossRef]

12. Casadevall, A.; Pirofski, L.-A. The Convalescent Sera Option for Containing COVID-19. J. Clin. Investig. 2020, 130, 1545-1548.
[CrossRef]

13. Odak, I.; Barros-Martins, J.; Bosnjak, B.; Stahl, K.; David, S.; Wiesner, O.; Busch, M.; Hoeper, M.M.; Pink, I.; Welte, T.; et al.
Reappearance of Effector T Cells Is Associated with Recovery from COVID-19. EBioMedicine 2020, 57, 102885. [CrossRef]

14.  Altmann, D.M.; Boyton, R.J. SARS-CoV-2 T Cell Immunity: Specificity, Function, Durability, and Role in Protection. Sci. Immunol.
2020, 5. [CrossRef] [PubMed]

15. Dong, L.; Gao, Z.-Y.; Chang, L.-J.; Liang, Y.; Tan, X.-Y,; Liu, J.-H.; Yu, X.-J.; Yang, E-H.; Xie, Y.; Lu, D.-P. Adoptive Transfer of
Cytomegalovirus/Epstein-Barr Virus-Specific Immune Effector Cells for Therapeutic and Preventive/Preemptive Treatment of
Pediatric Allogeneic Cell Transplant Recipients. J. Pediatr. Hematol. Oncol. 2010, 32, e31-e37. [CrossRef]

16. Han, S.; Huang, Y.; Liang, Y.; Ho, Y.; Wang, Y.; Chang, L.-J. Phenotype and Functional Evaluation of Ex Vivo Generated
Antigen-Specific Inmune Effector Cells with Potential for Therapeutic Applications. J. Hematol. Oncol. 2009, 2, 34. [CrossRef]

17. Rooney, C.M.; Smith, C.A;; Ng, C.Y;; Loftin, SK.; Sixbey, JW.; Gan, Y.; Srivastava, D.K.; Bowman, L.C.; Krance, R.A;
Brenner, M.K; et al. Infusion of Cytotoxic T Cells for the Prevention and Treatment of Epstein-Barr Virus-Induced Lymphoma in
Allogeneic Transplant Recipients. Blood 1998, 92, 1549-1555. [CrossRef]

18.  Betts, M.R,; Brenchley, ] M.; Price, D.A_; De Rosa, S.C.; Douek, D.C.; Roederer, M.; Koup, R.A. Sensitive and Viable Identification
of Antigen-Specific CD8+ T Cells by a Flow Cytometric Assay for Degranulation. J. Immunol. Methods 2003, 281, 65-78. [CrossRef]

19. Chen, X.; He, J.; Chang, L.-J. Alteration of T Cell Inmunity by Lentiviral Transduction of Human Monocyte-Derived Dendritic
Cells. Retrovirology 2004, 1, 37. [CrossRef]

20. Peters, PJ.; Borst, J.; Oorschot, V.; Fukuda, M.; Krahenbiihl, O.; Tschopp, J.; Slot, ].W.; Geuze, H.J. Cytotoxic T Lymphocyte
Granules Are Secretory Lysosomes, Containing Both Perforin and Granzymes. J. Exp. Med. 1991, 173, 1099-1109. [CrossRef]

21. Kannan, K.; Stewart, RM.; Bounds, W.; Carlsson, S.R.; Fukuda, M.; Betzing, KW.; Holcombe, R.F. Lysosome-Associated

Membrane Proteins h-LAMP1 (CD107a) and h-LAMP2 (CD107b) Are Activation-Dependent Cell Surface Glycoproteins in
Human Peripheral Blood Mononuclear Cells Which Mediate Cell Adhesion to Vascular Endothelium. Cell Immunol. 1996, 171,
10-19. [CrossRef]


http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1016/S2213-2600(20)30076-X
http://doi.org/10.1016/j.cytogfr.2020.05.003
http://www.ncbi.nlm.nih.gov/pubmed/32446778
http://doi.org/10.1016/S0140-6736(20)30154-9
http://doi.org/10.1007/s12026-020-09137-5
http://doi.org/10.1111/imm.13223
http://doi.org/10.1093/cid/ciaa248
http://doi.org/10.1172/JCI137244
http://doi.org/10.1128/JVI.02015-19
http://www.ncbi.nlm.nih.gov/pubmed/31826992
http://doi.org/10.1038/s41577-020-0321-6
http://doi.org/10.1002/jmv.25946
http://doi.org/10.1172/JCI138003
http://doi.org/10.1016/j.ebiom.2020.102885
http://doi.org/10.1126/sciimmunol.abd6160
http://www.ncbi.nlm.nih.gov/pubmed/32680954
http://doi.org/10.1097/MPH.0b013e3181bf5e2d
http://doi.org/10.1186/1756-8722-2-34
http://doi.org/10.1182/blood.V92.5.1549.417k32_1549_1555
http://doi.org/10.1016/S0022-1759(03)00265-5
http://doi.org/10.1186/1742-4690-1-37
http://doi.org/10.1084/jem.173.5.1099
http://doi.org/10.1006/cimm.1996.0167

Vaccines 2021, 9, 827 13 of 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Gao, Q.; Bao, L.; Mao, H.; Wang, L.; Xu, K,; Yang, M,; Li, Y.,; Zhu, L.; Wang, N.; Lv, Z; et al. Development of an Inactivated Vaccine
Candidate for SARS-CoV-2. Science 2020, 369, 77-81. [CrossRef]

Corey, L.; Mascola, ].R.; Fauci, A.S.; Collins, ES. A Strategic Approach to COVID-19 Vaccine R&D. Science 2020, 368, 948-950.
[CrossRef]

Le Bert, N.; Tan, A.T,; Kunasegaran, K.; Tham, C.Y.L.; Hafezi, M.; Chia, A.; Chng, M.H.Y,; Lin, M.; Tan, N.; Linster, M.; et al.
SARS-CoV-2-Specific T Cell Immunity in Cases of COVID-19 and SARS, and Uninfected Controls. Nature 2020, 584, 457-462.
[CrossRef]

Tang, F; Quan, Y.; Xin, Z.-T.; Wrammert, J.; Ma, M.-].; Lv, H.; Wang, T.-B.; Yang, H.; Richardus, ].H.; Liu, W.; et al. Lack of
Peripheral Memory B Cell Responses in Recovered Patients with Severe Acute Respiratory Syndrome: A Six-Year Follow-up
Study. J. Immunol. 2011, 186, 7264-7268. [CrossRef]

Sekine, T.; Perez-Potti, A.; Rivera-Ballesteros, O.; Strdlin, K.; Gorin, J.-B.; Olsson, A.; Llewellyn-Lacey, S.; Kamal, H.; Bogdanovic,
G.; Muschiol, S.; et al. Robust T Cell Immunity in Convalescent Individuals with Asymptomatic or Mild COVID-19. Cell 2020,
183, 158-168.e14. [CrossRef]

Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, J.; Dan, ].M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;
Jadi, R.S.; et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed
Individuals. Cell 2020, 181, 1489-1501. [CrossRef]

Mateus, J.; Grifoni, A.; Tarke, A.; Sidney, J.; Ramirez, S.I.; Dan, ].M.; Burger, Z.C.; Rawlings, S.A.; Smith, D.M.; Phillips, E.; et al.
Selective and Cross-Reactive SARS-CoV-2 T Cell Epitopes in Unexposed Humans. Science 2020, 370, 89-94. [CrossRef]

Zhou, P; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; S5i, H.-R; Zhu, Y,; Li, B.; Huang, C.-L.; et al. A Pneumonia
Outbreak Associated with a New Coronavirus of Probable Bat Origin. Nature 2020, 579, 270-273. [CrossRef]
Neumann-Haefelin, C. HLA-B27-Mediated Protection in HIV and Hepatitis C Virus Infection and Pathogenesis in Spondyloarthri-
tis: Two Sides of the Same Coin? Curr. Opin. Rheumatol. 2013, 25, 426-433. [CrossRef]

Forster, P; Forster, L.; Renfrew, C.; Forster, M. Phylogenetic Network Analysis of SARS-CoV-2 Genomes. Proc. Natl. Acad. Sci.
USA 2020, 117,9241-9243. [CrossRef] [PubMed]

Hanley, PJ.; Shaffer, D.R.; Cruz, C.RY,; Ku, S; Tzou, B,; Liu, H.; Demmler-Harrison, G.; Heslop, H.E.; Rooney, C.M.;
Gottschalk, S.; et al. Expansion of T Cells Targeting Multiple Antigens of Cytomegalovirus, Epstein-Barr Virus and Adenovirus
to Provide Broad Antiviral Specificity after Stem Cell Transplantation. Cytotherapy 2011, 13, 976-986. [CrossRef]

Alshukairi, A.N.; Khalid, I.; Ahmed, W.A.; Dada, A.M.; Bayumi, D.T.; Malic, L.S.; Althawadi, S.; Ignacio, K.; Alsalmi, H.S.;
Al-Abdely, HM.; et al. Antibody Response and Disease Severity in Healthcare Worker MERS Survivors. Emerg. Infect. Dis. 2016,
22. [CrossRef] [PubMed]

Shin, H.-S.; Kim, Y.; Kim, G.; Lee, ].Y; Jeong, I; Joh, ].-S.; Kim, H.; Chang, E.; Sim, S.Y,; Park, J.-S.; et al. Immune Responses to
Middle East Respiratory Syndrome Coronavirus During the Acute and Convalescent Phases of Human Infection. Clin. Infect. Dis.
2019, 68, 984-992. [CrossRef] [PubMed]

Ibarrondo, EJ.; Fulcher, J.A.; Goodman-Meza, D.; Elliott, J.; Hofmann, C.; Hausner, M.A.; Ferbas, K.G.; Tobin, N.H.; Aldrovandi,
G.M.; Yang, O.0O. Rapid Decay of Anti-SARS-CoV-2 Antibodies in Persons with Mild Covid-19. N. Engl. . Med. 2020, 383,
1085-1087. [CrossRef]


http://doi.org/10.1126/science.abc1932
http://doi.org/10.1126/science.abc5312
http://doi.org/10.1038/s41586-020-2550-z
http://doi.org/10.4049/jimmunol.0903490
http://doi.org/10.1016/j.cell.2020.08.017
http://doi.org/10.1016/j.cell.2020.05.015
http://doi.org/10.1126/science.abd3871
http://doi.org/10.1038/s41586-020-2012-7
http://doi.org/10.1097/BOR.0b013e328362018f
http://doi.org/10.1073/pnas.2004999117
http://www.ncbi.nlm.nih.gov/pubmed/32269081
http://doi.org/10.3109/14653249.2011.575356
http://doi.org/10.3201/eid2206.160010
http://www.ncbi.nlm.nih.gov/pubmed/27192543
http://doi.org/10.1093/cid/ciy595
http://www.ncbi.nlm.nih.gov/pubmed/30060038
http://doi.org/10.1056/NEJMc2025179

	Importance 
	Introduction 
	Materials and Methods 
	Blood Donors and PBMC Isolation 
	Synthesis of Overlapping Pentadecamer Peptides 
	In Vitro Generation of SARS-CoV-2-Specific Cytotoxic T Lymphocytes 
	ELISPOT Assay of Immune Effector Function 
	Immune Effector CD107a Degranulation and Intracellular Cytokine Staining 
	Statistical Analysis 

	Results 
	The Rationale for the Design of Antigenic Peptide Pools of SARS-CoV-2 Structural and Functional Proteins 
	Assessment of SARS-CoV-2 Antigen-Specific Precursor Frequency in Healthy Individuals 
	Activation of SARS-CoV-2-Specific Immune Cells In Vitro 
	Immune Re-Stimulation and Extended Culture to Enhance Detection of Low-Frequency Viral Antigen-Specific Responding Cells 
	Anti-SARS-CoV-2 Effector Activities of the In Vitro DC-SEMNP-Activated T Cells 

	Discussion 
	Conclusions 
	References

