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CD4 T cells of prostate cancer patients have
decreased immune responses to antigens derived
from SARS-CoV-2 spike glycoprotein
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Abstract
The adaptive immune response to severe acute respiratory coronavirus 2 (SARS-CoV-2) is important for
vaccine development and coronavirus disease 2019 (COVID-19) recovery. Men and cancer patients have
been reported to be at higher risks of contracting the virus and developing severe COVID-19. Prostate
cancer (PCa) may be associated with both of these risks. We show that CD4+ T cells of SARS-CoV-2-
unexposed patients with hormone-refractory (HR) metastatic PCa have substantially decreased CD4+ T
cell immune responses to antigens from SARS-CoV-2 spike glycoprotein but not from the spiked
glycoprotein of the 'common cold'-associated human coronavirus 229E (HCoV-229E) as compared with
healthy male volunteers. Moreover, the HCoV-229E spike glycoprotein antigen-elicited CD4+ T cell immune
responses cross-reacted with the SARS-CoV-2 spiked glycoprotein antigens. PCa patients may not
respond to the vaccination, and the cross-reactivity can mediate antibody-dependent enhancement (ADE)
of COVID-19. These �ndings highlight the potential for increased vulnerability of PCa patients to COVID-
19.

Introduction
The coronavirus disease 2019 (COVID-19) pandemic has signi�cantly affected the global human
population. The impact of the disease on the human population varies in different countries. It is affected
by multiple factors, including different national preventive measures and population demographic factors
such as age and ethnicity [1,2]. The current epidemiological data already show that severe forms of
COVID-19 do not impact the majority of the human population [3]. However, large groups of people are at
high risk of developing severe or even fatal forms of the disease. These groups are often people with
other comorbidities, one of which is cancer [4,5]. Another signi�cant factor that contributes to infection
with severe acute respiratory system coronavirus 2 (SARS-CoV-2) and severity of COVID-19 is gender;
men have been found to be more likely than women to become infected with the virus and to develop
severe forms of the disease [6]. Both of these risk factors, gender and cancer, are combined in prostate
cancer (PCa) patients. PCa is the second leading cause of cancer in men worldwide [7]. The chances of
PCa patients becoming infected with SARS-CoV- 2 and developing a severe form of the disease are higher
due to enhanced expression of the angiotensin-converting enzyme 2 (ACE-2) and the expression of the
transmembrane protease, serine 2 (TMPRSS2) [8,9,5].

A key role in the pathogenesis of COVID-19 is played by the immune system [10]. Dysregulated adaptive
and innate immune responses after infection with SARS-CoV-2 are thought to affect the severity of and
mortality due to COVID-19 [11]. The adaptive immune response is important for protection against viruses
[12]. It is also the key protective mechanism that is engaged after prophylactic vaccination [13]. A recent
study showed that the adaptive immune system of individuals who had been exposed to ‘common cold’
coronaviruses but not SARS-CoV-2 were partially responsive to SARS- CoV-2-derived antigens [14]. These
�ndings suggested a T cell-mediated cross- reactivity between circulating 'common cold' coronaviruses
and SARS-CoV-2. This cross-reactivity could be responsible for either enhanced protection against COVID-
19 [15-17] or, in contrast, for antibody-dependent enhancement (ADE) of COVID-19 [18- 21].
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In this study, we investigated the adaptive immune cell responses of CD4+ and CD8+ T cells from SARS-
CoV-2-unexposed individuals to spike glycoprotein antigens from SARS-CoV-2 [22] and the 'common cold'
human coronavirus 229E (HCoV-229E) [23]. We analyzed samples from 16 subjects, 10 of whom were
hormone-refractory (HR) metastatic PCa patients and 6 of whom were healthy male volunteers. The
adaptive immune responses were examined in vitro through the peptide-mediated enrichment of antigen-
speci�c T cells in the subjects' lymphocytes and the subsequent evaluation of the TNFa and IFNg
in�ammatory response after peptide stimulation. The response rates, peptide cross-reactivity, and impact
of PCa on the obtained data were evaluated.

Results
SARS-CoV-2 and HCoV-229E spike glycoprotein-derived peptides comparably enriched the cultured cells
with CD4+ T cells

We �rst investigated how SARS-CoV-2 and HCoV-229E spike glycoprotein-derived peptides (peptide
pools) affected the proportions of CD4+ and CD8+ T cells during a 14- day culture. For this purpose, we
used the culture protocol we previously used for culture enrichment with tumor-associated antigen-
reactive T cells [24]. As shown in Fig. 1B, both the SARS-CoV-2- and HCoV-229E peptide pools promoted
cell expansion compared with cells cultured without peptide pools (vehicle). The peptide pools had no
impacts on the proportion of the T cell (CD3+) population (Fig. 1C). However, both peptide pools
signi�cantly increased the proportion of CD4+ T cells and decreased the proportion of CD8+ T cells in the
culture (Fig. 1D and 1E). The positive control peptide pool CEF, which preferentially enriches cell cultures
with Epstein-Barr virus-, human cytomegalovirus-, and in�uenza A-speci�c CD8+ T cells [25], did not have
a signi�cant impact on the cell count, T cell population enrichment, or changes in the proportions of CD4+

and CD8+ T cells compared with the unstimulated sample (vehicle) (Fig 1B–1E). The results indicated
that both the SARS-CoV-2 and HCoV-229E-peptide pools comparably promoted enrichment with CD4+ T
cells.

SARS-CoV-2 and HCoV-229E spike glycoprotein-derived peptides comparably enriched the cultured cells
with peptide-speci�c CD4+ T cells

Next, we investigated whether peptide-mediated enrichment with CD4+ T cells also led to enrichment with
peptide-speci�c T cells. As shown in Fig. 2B, the SARS-CoV-2 and HCoV-229E peptide pools comparably
enriched the cell cultures with peptide-speci�c CD4+ T cells. As expected, the control CEF peptide pool had
a negligible impact on the enrichment of the culture with peptide-speci�c CD4+ T cells. However, the CEF
peptide pool substantially enriched the cultured cells with peptide-speci�c CD8+ T cells (Fig. 2C). Fewer
samples were enriched with peptide-speci�c CD8+ T cells by SARS-CoV-2 or HCoV-229E peptide pools
(Fig. 2C). These data showed that SARS-CoV-2 and HCoV-229E peptide pools predominantly enriched cell
cultures not only with CD4+ T cells but also with peptide-speci�c CD4+ T cells.
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HCoV-229E spike glycoprotein-derived peptides enriched the cultured cells with CD4+ T cells that cross-
react with SARS-CoV-2 spike glycoprotein-derived peptides

Previous studies have shown that T cells speci�c to the Dengue virus can mediate cross-protection
against the Zika virus [15]. Considering this mechanism, we investigated whether the cells that were
enriched with the HCoV-229E spike glycoprotein-derived peptide pool also cross-reacted with the SARS-
CoV-2 spike glycoprotein-derived peptide pool. As shown in Fig. 3A, the HCoV-229E peptide pool enriched
the culture with TNFα-, IFNγ- or TNFα/IFNγ-producing CD4+ T cells that cross- reacted with the SARS-CoV-
2 peptide pool. This cross-reactivity was, however, signi�cantly lower than the reactivity to the
corresponding peptide pool (HCoV-229E) (Fig. 3B). The SARS-CoV-2 cross-reactivity in TNFα- or
TNFα/IFNγ-producing CD4+ T cells was also signi�cantly lower than the SARS-CoV-2 reactivity of the
SARS-CoV-2 peptide pool-enriched cells (Fig. 3C, top and bottom panels). Surprisingly, the cross- reacting
IFNγ-producing CD4+ T cells enriched with the HCoV-229E peptide pool had comparable reactivity to the
SARS-CoV-2 peptide pool as the IFNγ-producing CD4+ T cells enriched with the SARS-CoV-2 peptide pool
(Fig. 3C, middle panel). These data showed that the HCoV-229E peptide pool could enrich cell cultures
with SARS-CoV-2 cross-reacting CD4+ T cells.

HR metastatic PCa patients have decreased responsiveness to SARS-CoV-2 but not HCoV-229E spike
glycoprotein-derived peptides compared with healthy male volunteers

As PCa can be associated with immunosuppression [26], we next examined whether HR metastatic PCa
patients in our cohort had compromised responsiveness to SARS- CoV-2 and HCoV-229E spike
glycoprotein-derived peptides. Therefore, we strati�ed our cohort into groups of healthy male volunteers
and HR metastatic PCa patients and compared the results from our enrichment experiments between
these two groups. We did not �nd any differences in the responsiveness of CD8+ T cells between these
two groups (Fig. 4). However, we found a signi�cant difference in the responsiveness of CD4+ T cells to
SARS-CoV-2 and HCoV-229E spike glycoprotein-derived peptides between these two groups. As shown in
Fig. 5A, HR metastatic PCa patients responded signi�cantly less to the SARS-CoV-2 peptide pool than did
healthy male volunteers. The SARS-CoV-2 peptide pool enriched the patients' cells with signi�cantly fewer
peptide-speci�c TNFα-, IFNγ-, or TNFα/IFNγ-producing CD4+ T cells compared with healthy male
volunteers. The patients' compromised responsiveness to the SARS-CoV-2 peptide pool was, however, not
observed after exposure to the HCoV-229E peptide pool because both the patients and healthy male
volunteers had comparable enrichment with peptide-speci�c CD4+ T cells (Fig. 5B). There was also no
difference between the patients and healthy volunteers in terms of the cross-reactivity of HCoV-229E
peptide pool-enriched TNFα-, IFNγ-, or TNFα/IFNγ-producing CD4+ T cells with the SARS-CoV- 2 peptide
pool (Fig. 5C). These data showed that the HCoV-229E peptide pool can partially rescue the patients'
compromised responsiveness to the SARS-CoV-2 peptide pool due to the HCoV-229E peptide pool-
mediated enhanced enrichment of the patients' cells with CD4+ T cells, which cross-react with the SARS-
CoV-2 peptide pool.
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Discussion
In this study, we show how the T cells of a SARS-CoV-2-unexposed population of HR metastatic PCa
patients and healthy male volunteers responded to the pools of peptides derived from SARS-CoV-2 or
HCoV-229E spike glycoproteins. The immune systems of the tested individuals were SARS-CoV-2-naive,
and the levels of responsiveness of the CD4+ T cells to the SARS-CoV-2 and HCoV-229E peptide pools
were comparable in the tested subjects. However, strati�ed analyses revealed that HR metastatic PCa
patients had a signi�cantly compromised responsiveness to the SARS-CoV-2 peptide pool. This
compromised responsiveness was partially rescued through the cytokine-producing CD4+ T cells enriched
by the HCoV-229E peptide pool that cross-reacted with the SARS-CoV-2 peptide pool.

During the current COVID-19 pandemic, there is an urgent need for the rapid development of treatments
that could help contain the pandemic and prevent a much more devastating second wave of infection.
One safety measure that can be used to control the pandemic is the identi�cation of groups of people
who are most vulnerable to the disease. The current epidemiological data show that men and cancer
patients are relatively more vulnerable to the disease, as their chances of being infected and developing
severe forms are much higher [4-6]. PCa patients belong to both these groups [8,9,5]. In this study, we
found that the immune systems of PCa patients may be less responsive to SARS-CoV-2-derived antigens,
which can compromise the e�cacy  of anti-SARS-CoV-2 vaccines in these patients. This compromised
responsiveness was not due to the inability of the patient's immune system to mount an antigen-speci�c
response in general because their immune cells were still able to develop a speci�c response to HCoV-
229E- or CEF-derived antigens. These data, therefore, indicate that PCa patients might be able to generate
a speci�c response to the viral diseases with which their immune system has presumably had previous
experience, such as 'common cold' coronavirus (HCoV-229E), in�uenza, EBV, or HCMV. However, these
patients may fail to e�ciently generate responses to viruses to which their immune system has not been
exposed, such as SARS-CoV-2.

The SARS-CoV-2 spike glycoprotein is currently a focus of interest [27]. Polyclonal antibodies speci�c to
this protein were found to e�ciently block the ACE-2-mediated entry of the virus into the target cells [28].
Our data with peptides derived from this protein indicate that PCa patients might not have an adequate
response to this protein when compared to that of healthy male individuals, which would be problematic
if this protein is targeted by vaccination. However, our data showed that peptides derived from HCoV-
229E spike glycoprotein were not only able to elicit a response but also to stimulate the enrichment of
cultured cells with IFNγ-producing CD4+ T cells that were cross-reactive with peptides derived from the
SARS-CoV-2 spike glycoprotein. These data indicate that antigens from the 229E spike glycoprotein can
elicit immune responses that, in the end, might lead to the production of antibodies that cross-react with
the SARS-CoV-2 spike glycoprotein. This cross-reactivity does not necessarily mediate an enhanced
protection against COVID-19 [29]. In contrast, it may promote ADE of the disease [18-20], which is often
associated with the infection of immune cells and leads to immune cell apoptosis [21][21][21]2121. Severe
forms of COVID-19 are associated with substantially decreased levels of immune cells [30,31]. Whether
other 'common cold' coronaviruses negatively contribute to the severity of COVID-19 through ADE
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towards the end of the 'common cold' season or whether exposure to these coronaviruses provides T cell-
mediated protection that prevents the disease from developing into its severe or fatal forms remains to be
elucidated.

In this study, we showed that PCa patients may represent a group of people who are potentially at high
risk of developing severe COVID-19 due to their compromised ability to respond to SARS-CoV-2-derived
antigens. In addition, their unaffected ability to respond well to 'common cold' coronaviruses and the
�ndings that this response can cross-react with SARS-CoV-2 highlight the fact that 'common cold'
coronaviruses play highly unpredictable roles in the COVID-19 pandemic, speci�cally in PCa patients.

Materials And Methods
Patients and specimens

The source material from PCa patients was obtained via the leukapheresis of samples from 10 HR
metastatic PCa patients obtained between November 2016 and April 2017. In the group of 10 HR
metastatic PCa patients, the median age was 67.0 years (range 52–74 years), the median Gleason score
was 7.5 (Gleason range 7–9), and the prostate-speci�c antigen (PSA) level was 35.9 ng/ml
(concentration range 6.2–161.6 ng/ml). Source material was also obtained from healthy male volunteers;
2 were obtained with leukapheresis and 4 were obtained from buffy coats. The leukapheresis samples
were obtained between November 2016 and April 2017 within clinical projects sponsored by SOTIO, a.s.
All patients provided signed informed consent for the use of their blood-derived products for future
research. The buffy coats were obtained in October 2018 from the Institute of Hematology and Blood
Transfusion in Prague. In the group of healthy male volunteers, the median age was 40.0 years (age
range 29–59 years). Each donor provided signed written informed consent for the use of their blood-
derived products for future research.

Enrichment and expansion of antigen-speci�c T cells

Peripheral blood mononuclear cells (PBMCs) from leukaphereses and buffy coats were isolated as
previously described [32]. The isolated PBMCs were then cryopreserved in liquid nitrogen. The
cryopreserved cells were reconstituted, and a 14-day enrichment with antigen-speci�c T cells was
performed as previously described [32]. For the enrichment of the reconstituted cells with antigen-speci�c
T cells, a 1 mg/ml concentration of the following pooled overlapping peptide mixes spanning the
indicated antigen was used: SARS-CoV-2 [22] [PepMix™ SARS-CoV-2 (Spike Glycoprotein, cat.# PM-WCPV-
S-1, JPT Peptide Technologies, Berlin, Germany], and human coronavirus 229E [23] [PepMix™ HCoV-229E
(Spike Glycoprotein), cat.# PM-229E-S-1, JPT]. As a positive control, pooled peptide mixes from Epstein-
Barr virus (HHV-4), human cytomegalovirus (HHV-5), and in�uenza A [25] were used [1 mg/ml, PepMix
CEF Pool (extended), cat.# PM-CEF-E, JPT].

Cell stimulation, intracellular cytokine staining, and cytokine release
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The cells were processed as described previously [24,33]. Brie�y, the cells were harvested, pelleted by
centrifugation, and resuspended at a concentration of 1–4 × 106 cells/ml in fresh human plasma serum-
containing culture medium [LM medium; RPMI 1640 medium, 5% human plasma serum (One Lambda,
Canoga Park, CA), 100 U/ml penicillin-streptomycin, 2 mM Glutamax, 1 mM sodium pyruvate and
nonessential amino acid mix (Thermo Scienti�c)]. The cell suspension (200 ml) was transferred to a 96
U- bottom well plate (Nalgene, Rochester, NY). The cells were stimulated with 50 ml of LM media
containing the pertinent peptides. The �nal concentration of the stimulating peptides in the cell
suspension was 1 mg/ml. After 1.5 h of culture (37 °C, 5% CO2), the cells were supplemented with
brefeldin A (BioLegend, San Diego, CA) and then cultured for 4.5 h. Unstimulated controls (vehicle) were
samples stimulated with the peptide solvent alone (20% DMSO in PBS). The cells were transferred to a V-
bottom 96-well plate (Nalgene), stained with live/dead �xable stain, �xed, and permeabilized as
previously described [33]. The �xed and permeabilized cells were stained with the following antibodies:
CD3-PerCP-Cy5.5, CD4-PE-Cy7 (eBiosciences, San Diego, CA), CD8-Alexa Fluor 488 (Exbio, Prague, Czech
Republic), TNFα-APC, and IFNγ-PE (Becton Dickinson, Franklin Lakes, NJ) for 30–60 min at 4 °C. The
stained cells were washed with PBS/EDTA and analyzed by a FACSAria II (Becton Dickinson, Heidelberg,
Germany). The obtained data were evaluated by FlowJo software (Tree Star, Ashland, OR). The frequency
of responding T cells was determined by subtracting the frequency of the cytokine-producing T cells of
the vehicle-stimulated sample from the frequency of the cytokine-producing T cells of the peptide pool-
stimulated sample of the same patient or healthy volunteer. As a control (Ctrl), cell culture enriched with
no peptide (vehicle) and stimulated with SARS-CoV-2 spike glycoprotein-derived peptides (peptide pools)
was used. The gating strategy and determination of the cytokine-producing T cells are shown in Fig. 1A
and 2A.

Statistical analysis

The means and SEM values were calculated from the indicated sample size (n) using GraphPad Prism 6
(GraphPad Software, La Jolla, CA). Statistical signi�cance (*P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001) between two groups of differentially treated samples  was 
determined  by  Wilcoxon  matched-pair  signed-rank  tests  and between three or more groups by
matched-pair 1-way ANOVA with Dunn's posttest. Statistical signi�cance (*P<0.05, **P<0.01, ***P<0.001,
****P<0.0001) between two groups of subjects was determined by the Mann-Whitney U test.

Declarations

Acknowledgments
Research in the authors’ laboratories was supported by funding from Charles University– project GA UK
No. 364218 and PRIMUS/MED/12 – and funding from the Ministry of Health, Czech Republic – project
AZV 16-28135A. We thank the clinical and laboratory research staff for their assistance and Michal Rataj
for assistance with the �ow cytometry.



Page 8/15

Author Contributions
P.T., Z.S., Dm.S. and Da.S. conducted the experiments and/or analyzed the data; Da.S. designed the
experiments; L.S. and J.B. supervised the sampling of human blood; Da.S. wrote the manuscript. P.T.,
Dm.S., H.S., Z.S., L.S., and J.B. contributed to the writing of the manuscript; Da.S. supervised the research.

Compliance with Ethical Standards
Con�icts-of-interest disclosure: L.S. is a part-time employee of Sotio, a.s., a biotech company developing
cell-based immunotherapy. J.B. is a part-time employee and a minority shareholder of Sotio, a.s. P.T.,
Dm.S., H.S., Z.S., and Da.S. declare no con�icts of interest.

Ethical approval: All experimental protocols were approved by the ethical standards of the institutional
and/or national research committee – the Ethics Committee of the University Hospital Motol in Prague,
and performed in accordance with the 1964 Helsinki declaration and its later amendments or comparable
ethical standards.

Informed consent: All patients provided signed informed consent for the use of their blood-derived
products for future research.

References
1. Dyer O (2020) Covid-19: Black people and other minorities are hardest hit in US. Bmj 369:m1483.

doi:10.1136/bmj.m1483

2. Giwa AL, Desai A, Duca A (2020) Novel 2019 coronavirus SARS-CoV-2 (COVID-19): an overview for
emergency clinicians. Pediatric emergency medicine practice 17 (5):1- 24

3. Chen J, Qi T, Liu L, Ling Y, Qian Z, Li T, Li F, Xu Q, Zhang Y, Xu S, Song Z, Zeng Y, Shen Y, Shi Y, Zhu T,
Lu H (2020) Clinical progression of patients with COVID-19 in Shanghai, China. The Journal of
infection 80 (5):e1-e6. doi:10.1016/j.jinf.2020.03.004

4. Zhang L, Zhu F, Xie L, Wang C, Wang J, Chen R, Jia P, Guan HQ, Peng L, Chen Y, Peng P, Zhang P, Chu
Q, Shen Q, Wang Y, Xu SY, Zhao JP, Zhou M (2020) Clinical characteristics of COVID-19-infected
cancer patients: a retrospective case study in three hospitals within Wuhan, China. Annals of
oncology : o�cial journal of the European Society for Medical Oncology / ESMO.
doi:10.1016/j.annonc.2020.03.296

5. Mehta V, Goel S, Kabarriti R, Cole D, Gold�nger M, Acuna-Villaorduna A, Pradhan K, Thota R,
Reissman S, Sparano JA, Gartrell BA, Smith RV, Ohri N, Garg M, Racine AD, Kalnicki S, Perez-Soler R,
Halmos B, Verma A (2020) Case Fatality Rate of Cancer Patients with COVID-19 in a New York
Hospital System. Cancer discovery. doi:10.1158/2159-8290.CD-20-0516



Page 9/15

�. Jin JM, Bai P, He W, Wu F, Liu XF, Han DM, Liu S, Yang JK (2020) Gender Differences in Patients With
COVID-19: Focus on Severity and Mortality. Frontiers in public health 8:152.
doi:10.3389/fpubh.2020.00152

7. Siegel RL, Miller KD, Jemal A (2019) Cancer statistics, 2019. CA: a cancer journal for clinicians 69
(1):7-34. doi:10.3322/caac.21551

�. Sama IE, Ravera A, Santema BT, van Goor H, Ter Maaten JM, Cleland JGF, Rienstra M, Friedrich AW,
Samani NJ, Ng LL, Dickstein K, Lang CC, Filippatos G, Anker SD, Ponikowski P, Metra M, van
Veldhuisen DJ, Voors AA (2020) Circulating plasma concentrations of angiotensin-converting
enzyme 2 in men and women with heart failure and effects of renin-angiotensin-aldosterone
inhibitors. European heart journal 41 (19):1810-1817. doi:10.1093/eurheartj/ehaa373

9. Cai C, Ahmed OA, Shen H, Zeng S (2020) Which cancer type has the highest risk of COVID-19
infection? The Journal of infection. doi:10.1016/j.jinf.2020.05.028

10. Paces J, Strizova Z, Smrz D, Cerny J (2020) COVID-19 and the immune system. Physiological
research

11. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X, Cheng Z, Yu T, Xia J, Wei Y,
Wu W, Xie X, Yin W, Li H, Liu M, Xiao Y, Gao H, Guo L, Xie J, Wang G, Jiang R, Gao Z, Jin Q, Wang J,
Cao B (2020) Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China.
Lancet 395 (10223):497-506. doi:10.1016/S0140-6736(20)30183-5

12. Braciale TJ, Hahn YS (2013) Immunity to viruses. Immunol Rev 255 (1):5-12. doi:10.1111/imr.12109

13. Kang SM, Compans RW (2009) Host responses from innate to adaptive immunity after vaccination:
molecular and cellular events. Molecules and cells 27 (1):5-14. doi:10.1007/s10059-009-0015-1

14. Grifoni A, Weiskopf K, Ramirez S, I., Mateus J, Dan J, M., Moderbacher C, R., Rawlings S, A.,
Sutherland A, Premkumar L, Jadi R, S., Marrama D, de Silva AM, Frazier A, Carlino A, Greenbaum J, A.,
Peters B, Krammer F, Smith D, M., Sette A (2020) Targets of T cell responses to SARS-CoV-2
coronavirus in humans with COVID-19 disease and unexposed individuals. Cell In Press, Journal Pre-
proof. doi:10.1016/j.cell.2020.05.015

15. Subramaniam KS, Lant S, Goodwin L, Grifoni A, Weiskopf D, Turtle L (2020) Two Is Better Than One:
Evidence for T-Cell Cross-Protection Between Dengue and Zika and Implications on Vaccine Design.
Frontiers in immunology 11:517. doi:10.3389/�mmu.2020.00517

1�. Balz K, Trassl L, Hartel V, Nelson PP, Skevaki C (2020) Virus-Induced T Cell- Mediated Heterologous
Immunity and Vaccine Development. Frontiers in immunology 11:513.
doi:10.3389/�mmu.2020.00513

17. Reber AJ, Music N, Kim JH, Gansebom S, Chen J, York I (2018) Extensive T cell cross-reactivity
between diverse seasonal in�uenza strains in the ferret model. Scienti�c reports 8 (1):6112.
doi:10.1038/s41598-018-24394-z

1�. Hotez PJ, Corry DB, Bottazzi ME (2020) COVID-19 vaccine design: the Janus face of immune
enhancement. Nat Rev Immunol. doi:10.1038/s41577-020-0323-4



Page 10/15

19. Iwasaki A, Yang Y (2020) The potential danger of suboptimal antibody responses in COVID-19. Nat
Rev Immunol. doi:10.1038/s41577-020-0321-6

20. Tetro JA (2020) Is COVID-19 receiving ADE from other coronaviruses? Microbes and infection /
Institut Pasteur 22 (2):72-73. doi:10.1016/j.micinf.2020.02.006

21. Ricke, Darrell and Malone, Robert , Medical Countermeasures Analysis of 2019- nCoV and Vaccine
Risks for Antibody-Dependent Enhancement (ADE) (2/27/2020). Available at                 SSRN:    
https://ssrn.com/abstract=3546070      or http://dx.doi.org/10.2139/ssrn.3546070

22. Ou X, Liu Y, Lei X, Li P, Mi D, Ren L, Guo L, Guo R, Chen T, Hu J, Xiang Z, Mu Z, Chen X, Chen J, Hu K,
Jin Q, Wang J, Qian Z (2020) Characterization of spike glycoprotein of SARS-CoV-2 on virus entry
and its immune cross-reactivity with SARS- CoV. Nature communications 11 (1):1620.
doi:10.1038/s41467-020-15562-9

23. Li Z, Tomlinson AC, Wong AH, Zhou D, Desforges M, Talbot PJ, Benlekbir S, Rubinstein JL, Rini JM
(2019) The human coronavirus HCoV-229E S-protein structure and receptor binding. eLife 8.
doi:10.7554/eLife.51230

24. Taborska P, Stakheev D, Strizova Z, Vavrova K, Podrazil M, Bartunkova J, Smrz D (2017) Personalized
ex vivo multiple peptide enrichment and detection of T cells reactive to multiple tumor-associated
antigens in prostate cancer patients. Medical oncology 34 (10):173. doi:10.1007/s12032-017-1035-x

25. Currier JR, Kuta EG, Turk E, Earhart LB, Loomis-Price L, Janetzki S, Ferrari G, Birx DL, Cox JH (2002) A
panel of MHC class I restricted viral peptides for use as a quality control for vaccine trial ELISPOT
assays. J Immunol Methods 260 (1-2):157-172. doi:10.1016/s0022-1759(01)00535-x

2�. Wu SQ, Su H, Wang YH, Zhao XK (2019) Role of tumor-associated immune cells in prostate cancer:
angel or devil? Asian journal of andrology 21 (5):433-437. doi:10.4103/aja.aja_47_19

27. Amanat F, Krammer F (2020) SARS-CoV-2 Vaccines: Status Report. Immunity 52 (4):583-589.
doi:10.1016/j.immuni.2020.03.007

2�. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D (2020) Structure, Function, and
Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell 181 (2):281-292 e286.
doi:10.1016/j.cell.2020.02.058

29. DiPiazza A, Richards KA, Knowlden ZA, Nayak JL, Sant AJ (2016) The Role of CD4 T Cell Memory in
Generating Protective Immunity to Novel and Potentially Pandemic Strains of In�uenza. Frontiers in
immunology 7:10. doi:10.3389/�mmu.2016.00010

30. Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, Xie C, Ma K, Shang K, Wang W, Tian DS (2020)
Dysregulation of immune response in patients with COVID-19 in Wuhan, China. Clinical infectious
diseases : an o�cial publication of the Infectious Diseases Society of America.
doi:10.1093/cid/ciaa248

31. Cao X (2020) COVID-19: immunopathology and its implications for therapy. Nat Rev Immunol 20
(5):269-270. doi:10.1038/s41577-020-0308-3

http://dx.doi.org/10.2139/ssrn.3546070


Page 11/15

32. Taborska P, Bartunkova J, Smrz D (2018) Simultaneous in vitro generation of human CD34(+)-
derived dendritic cells and mast cells from non-mobilized peripheral blood mononuclear cells. J
Immunol Methods 458:63-73. doi:10.1016/j.jim.2018.04.005

33. Stakheev D, Taborska P, Strizova Z, Podrazil M, Bartunkova J, Smrz D (2019) The WNT/beta-catenin
signaling inhibitor XAV939 enhances the elimination of LNCaP and PC-3 prostate cancer cells by
prostate cancer patient lymphocytes in vitro. Scienti�c reports 9 (1):4761. doi:10.1038/s41598-019-
41182-5

Figures

Figure 1

Changes in cell numbers and T cell population proportions after the SARS-CoV-2- and HCoV-229E-spike
glycoprotein peptide pool-mediated culture enrichment (A) The gating strategy used to analyze �ow
cytometry data. (B) Cell number fold increase in cultures enriched with no peptides (Vehicle) or with CEF
(CEF), SARS-CoV-2 (CoV-2), or HCoV-229E (229E) peptide pools. (C) Proportion of T cells (CD3+ cells)
before (Day0) and after 14-day enrichment with the peptide pools in A. (D) Proportion of CD4+ T cell
population (CD3+CD4+ cells) before (Day0) and after 14-day enrichment with the peptide pools in A. (E)
Proportion of CD8+ T cell population (CD3+CD8+ cells) before (Day0) and after 14-day enrichment with
the peptide pools in A. In (B–E), bars represent mean of values and SEM determined in each group and
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signi�cances of differences among the groups are indicated (*P<0.05, **P<0.01, ***P<0.001,
****P<0.0001, n = 16 donors, 1-way ANOVA with the Dunn's posttest).

Figure 2

Peptide pool-mediated cell culture enrichment with the peptide-speci�c TNFα-, IFNγ-, or TNFα/IFNγ-
producing CD4+ and CD8+ T cells (A) The gating strategy used to analyze �ow cytometry data. The
gating of CD4+ and CD8+ T cells (top panels). The gated CD4+ and CD8+ T cells stimulated without
peptides (Vehicle-stim) or with SARS-CoV-2 (CoV-2-stim) peptide pool were gated to determine the
proportions of TNF - (Q1+Q2), IFN - (Q2+Q3), or TNF /IFN - (Q2) producing cells (bottom panels). (B) Cell
cultures enriched with CEF (CEF), SARS-CoV-2 (CoV-2), or HCoV-229E (229E) peptide pools were
stimulated with the corresponding peptide pools and proportions of TNFα-, IFNγ-, or TNFα/IFNγ-producing
CD4+ T cells was determined. As a control (Ctrl), the cell culture enriched with no peptide (Vehicle) and
stimulated with the SARS-CoV-2 peptide pool was used. (C) Cells in B were analyzed for the proportions
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of TNFα-, IFNγ-, or TNFα/IFNγ-producing CD8+ T cells. In (B–C), bars represent mean of values and SEM
determined in each group and signi�cances of differences among the groups are indicated (*P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001, n = 16 donors, 1-way ANOVA with the Dunn's posttest).

Figure 3

SARS-CoV-2 cross-reactivity of CD4+ T cells in cell cultures enriched with HCoV-229E-spike glycoprotein
peptide pool (A) The HCoV-229E peptide pool-enriched cell cultures were stimulated with HCoV-229E
(229E-eriched 229E-stim) (left) or SARS-CoV-2 (229E-enriched CoV-2-stim) (right) peptide pools and
proportions of TNFα-, IFNγ-, or TNFα/IFNγ-producing CD4+ T cells was determined. As a control (Ctrl), cell
cultures enriched with no peptide (Vehicle) and stimulated with SARS-CoV-2 peptide pool were used. (B)
The differences between HCoV-229E peptide pool-enriched cell cultures stimulated with HCoV-229E
(229E-stim) or SARS-CoV-2 (CoV-2-stim) peptide pools were evaluated. (C) The SARS-CoV-2 (CoV-2-
enriched) or HCoV-229E (229E-enriched) peptide pool-enriched cell cultures were stimulated with SARS-
CoV-2 peptide pool and differences between both groups evaluated. In (A–C), signi�cances of differences
among the groups are indicated (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n = 16 donors, Wilcoxon
matched-pairs signed-ranks test).
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Figure 4

Impact of PCa on the peptide pool-mediated cell culture enrichment with the peptide-speci�c TNFα-, IFNγ-,
or TNFα/IFNγ-producing CD8+ T cells (A) Cell cultures of 6 healthy male volunteers (Healthy) and 10 HR
metastatic PCa patients (Patients) were enriched with the SARS-CoV-2 (CoV-2) peptide pool and
stimulated with the corresponding peptide pools and proportions of TNFα-, IFNγ-, or TNFα/IFNγ-producing
CD8+ T cells was determined. (B) Cell cultures in A enriched with the HCoV-229E (229E) peptide pool were
stimulated with the corresponding peptide pool and proportions of TNFα-, IFNγ-, or TNFα/IFNγ-producing
CD8+ T cells was determined. (C) Cell cultures in A enriched with the CEF (CEF) peptide pool were
stimulated with the corresponding peptide pool and proportions of TNFα-, IFNγ-, or TNFα/IFNγ-producing
CD8+ T cells was determined. In (A–C), bars represent mean of values and SEM determined in each
group and signi�cances of differences among the groups are indicated (*P<0.05, **P<0.01, ***P<0.001,
****P<0.0001, n = 6 healthy male donors (Healthy) and n = 10 HR metastatic PCa patients (Patients),
Mann-Whitney U test).
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Figure 5

Impact of PCa on the peptide pool-mediated cell culture enrichment with the peptide-speci�c TNFα-, IFNγ-,
or TNFα/IFNγ-producing CD4+ T cells (A) Cell cultures of 6 healthy male volunteers (Healthy) and 10 HR
metastatic PCa patients (Patients) were enriched with the SARS-CoV-2 (CoV-2) peptide pool and
stimulated with the corresponding peptide pools and proportions of TNFα-, IFNγ-, or TNFα/IFNγ-producing
CD4+ T cells populations was determined. (B) Cell cultures in A enriched with the HCoV-229E (229E)
peptide pool were stimulated with the corresponding peptide pool and proportions of TNFα-, IFNγ-, or
TNFα/IFNγ-producing CD4+ T cells was determined. (C) Cell cultures in A enriched with the HCoV-229E
(229E) peptide pool were stimulated with the SARS-CoV-2 (CoV-2) peptide pool and proportions of TNFα-,
IFNγ-, or TNFα/IFNγ-producing CD4+ T cells was determined. In (A–C), bars represent mean of values and
SEM determined in each group and signi�cances of differences among the groups are indicated (*P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001, n = 6 healthy male donors (Healthy) and n = 10 HR metastatic PCa
patients (Patients), Mann-Whitney U test).


