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It has been shown that SARS-CoV-2 shares homology and cross-reacts with vaccines, other viruses, common bacteria and many human tissues. We were inspired by these findings, firstly, to investigate the reaction of SARS-CoV-2 monoclonal antibody with different pathogens and vaccines, particularly DTaP. Additionally, since our earlier studies have shown immune reactivity by antibodies made against pathogens and autoantigens towards different food antigens, we also studied cross-reaction between SARS-CoV-2 and common foods. For this, we reacted monoclonal and polyclonal antibodies against SARS-CoV-2 spike protein and nucleoprotein with 15 different bacterial and viral antigens and 2 different vaccines, BCG and DTaP, as well as with 180 different food peptides and proteins. The strongest reaction by SARS-CoV-2 antibodies were with DTaP vaccine antigen, E. faecalis, roasted almond, broccoli, soy, cashew, α+β casein and milk, pork, rice endochitinase, pineapple bromelain, and lentil lectin. Because the immune system tends to form immune responses towards the original version of an antigen that it has encountered, this cross-reactivity may have its advantages with regards to immunity against SARS-CoV-2, where the SARS-CoV-2 virus may elicit a “remembered” immune response because of its structural similarity to a pathogen or food antigen to which the immune system was previously exposed. Our findings indicate that cross-reactivity elicited by DTaP vaccines in combination with common herpesviruses, bacteria that are part of our normal flora such as E. faecalis, and foods that we consume on a daily basis should be investigated for possible cross-protection against COVID-19. Additional experiments would be needed to clarify whether or not this cross-protection is due to cross-reactive antibodies or long-term memory T and B cells in the blood.
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Introduction

The SARS-CoV-2 virus that is responsible for the COVID-19 pandemic is part of the family of coronaviruses that normally cause from mild to moderate upper-respiratory tract illness very similar to that of the common cold. However, the difference between SARS-CoV-2 and other viruses is its induction of serious illness with the involvement of multiple tissue abnormalities that may result in death (1).

When the body is exposed to different pathogens, it will launch an immune response, and afterwards the body will retain some disease-fighting cells called memory T and memory B cells. Upon exposure to the same pathogen or cross-reactive antigens, these memory cells are ready to fight again with greater speed and more efficiency (2). In some people, pre-existing memory cells generated against, for example, common cold coronaviruses, can cross-recognize the SARS-CoV-2 virus because of cross-reactive antigen binding between SARS-CoV-1 and SARS-CoV-2 (3, 4). This was shown by the generation of memory T cell lines that recognized many fragments from spike and non-spike regions of SARS-CoV-2, which were then tested for epitope similarity against a peptide pool of other coronaviruses. It was found that memory T cells made against SARS-CoV-2 cross-reacted with 57% of “common cold” coronavirus fragments (5, 6).

Furthermore, after the performance of antigen-specific T-cell studies, it was reported that 20-50% of individuals unexposed to SARS-CoV-2 had significant T-cell reactivity to various SARS-CoV-2 peptide sequences (2, 3, 7–10). This may be an answer to why, after contracting COVID-19, some people present only mild or moderate symptoms, but others get severely ill (11–13). The memory T cells generated against common cold coronaviruses may be responsible for this extensive heterogeneity in the human immune response to SARS-CoV-2 and its contribution to herd immunity (6, 13, 14).

All of this indicates that, immunologically, humans are not naïve, and that when they encounter new infections, the host immune system will activate its memory B and T cells, allowing quicker immune responses to a multitude of antigens, resulting in the production of both protective and cross-reactive antibodies (1, 2). In this context, we refer to the potential cross-reactivity to SARS-CoV-2 from common human pathogens and vaccines (15). This is based on the hypothesis that children may already have some degree of protection against SARS-CoV-2 due to the presence of cross-reactive immunity induced through their vaccinations with different bacterial and viral antigens (16–18). Because the immunity elicited by vaccines declines with aging, the adult population becomes more susceptible to COVID-19 (15). Of course, this possible cross-protection resulting from cross-reactive immunity most likely would not give the same degree of protection as specific SARS-CoV-2 vaccines.

Based on the hypothesis that the elderly are more prone to SARS-CoV-2 infection and children are largely spared due to pediatric vaccinations, a systemic search for peptide matches in 18 viruses and 7 bacteria with SARS-CoV-2 was conducted to identify potential cross-reactive epitopes by Reche in 2020 (15). While other researchers found that common herpesviruses were poor sources of cross-reactivity, Reche found that the combination of diphtheria, tetanus and pertussis (DTaP) in the DTaP vaccine proved to be a significant cause of cross-reactive immunity to SARS-CoV-2 (15). Comparing the amino acid sequences of overlapping 15-mer peptides from some of these pathogens with 10 SARS-CoV-2 residues, he reported as low as 1 epitope (polio virus) to 3,807 epitopes (Bacillus Calmette-Guerin or BCG) that cross-reacted with SARS-CoV-2 spike protein. Measles had 8 cross-reactive epitopes, HSV 1&2 had 77, Epstein-Barr virus 94, cytomegalovirus 169, diphtheria 340, tetanus 601, and Bordetella pertussis 3,359 (15). Based on these and other findings, Reche concluded that cross-reactive immunity elicited by DT antigens in combination with DTaP vaccines is likely responsible for keeping children safe from worldwide infection with SARS-CoV-2 (15).

In search of possible cross-reactivity between SARS-CoV-2 and human autoantigens, in our own earlier studies we first reacted animal and then human monoclonal antibodies (19, 20) made against SARS-CoV-2 spike protein and nucleoproteins with more than 55 human tissue antigens, and found that the SARS-CoV-2 antibodies had moderate to strong reactions with more than 20 of the human tissue antigens. We concluded that a potential risk for autoimmunity may come from cross-reactivity between SARS-CoV-2 antigens and our own tissue antigens (19, 20).

Furthermore, in additional studies we investigated antigenic mimicry between dietary proteins and human autoantigens not only by epitope sharing but also through the interaction of food-specific antibodies with human tissue antigens and vice-versa (21–24). We found that an extensive number of food antigens reacted with tissue-specific antibodies, and many food antibodies such as lectins and agglutinins reacted with numerous tissue antigens (25, 26). We also showed significant immunological cross-reactivity between different viruses and other pathogens (27). Observing this interaction between polyclonal and monoclonal antibodies made against food antigens and pathogens with various tissue antigens led us to hypothesize the following:

	SARS-CoV-2 antibody may cross-react with common viral and bacterial antigens, including some which were not examined in the 2020 study by Reche (15).

	SARS-CoV-2 proteins may share cross-reactive epitopes with many food antigens that have not previously been studied.

	The production of cross-reactive antibodies against viral, bacterial and food antibodies may be responsible for extensive heterogeneity in their response to SARS-CoV-2 in different countries in the world.



To identify possible cross-reactive immunity to SARS-CoV-2, we reacted SARS-CoV-2 monoclonal antibodies with 14 different viral and bacterial antigens, and 180 different food antigens and peptides. We then reacted human sera with very low levels of antibodies to selected pathogens and food antigens versus sera with very high levels of these same antigens, for comparative purposes, with SARS-CoV-2 antigens. Finally, we conducted systematic searches for sequences shared by SARS-CoV-2, and pathogens and food antigens with which SARS-CoV-2 antibodies had reacted.



Methods


Pathogens and vaccines

E. coli and Salmonella lipopolysaccharides (LPS), and Enterococcus faecalis were purchased from Sigma Aldrich (St. Louis, MO USA).

ELISA microwell plates coated with B. burgdorferi, EBV-VCA, EBV-EAD, EBV-EBNA, CMV, VZV and measles antigens were purchased from Trinity Biotech (Jamestown, NY USA).

HHV-6 A and B were purchased from Bio-Synthesis (Lewisville, TX, USA).

ELISA well plates coated with HSV 1 + 2 antigens were obtained from Gold Standard Diagnostics (Davis, CA USA).

H. influenza, BCG and DTaP vaccines were purchased from the local pharmacy.



SARS-CoV-2 antibodies and antigens

Human IgG1 monoclonal antibody made against SARS-CoV-2 spike protein S1 domain (CR3022) Catalog #NBP3-11813 was purchased from Novus Biologicals (Centennial, CO USA). This antibody binds specifically to amino acids 318-510 in the S (spike) domain of the SARS-CoV spike protein as well as the SARS-CoV-2 (COVID-19) spike protein

Human IgG1 monoclonal antibody made against SARS-CoV-2 nucleoprotein (CR3009) SKU: MAB12434 was obtained from The Native Antigen Company (Kidlington, Oxfordshire, UK). This antibody recognizes and binds the non-linear/conformational epitope of the N protein of SARS-CoV and SARS-CoV-2.

Recombinant SARS-CoV-2 spike protein S1 subunit and recombinant SARS-CoV-2 nucleocapsid protein were purchased from RayBiotech (Atlanta, GA USA).



Food proteins and peptides

For the preparation of the food antigens, food products were purchased from a Whole Foods supermarket. Food proteins undergo structural epitope transformation when the food is cooked, so, when necessary, foods underwent preparation so that the resulting food proteins would accurately represent the raw and cooked foods of typical human diets. Using a process similar to the one used in our earlier study (28), a total of 180 different foods representing different meats, seafoods, vegetables, fruits, grains, nuts, seeds, beans, spices, gums and more were prepared.

Lectins and agglutinins such as wheat germ agglutinin (WGA), soybean agglutinin, phytohemagglutinin, peanut agglutinin and concanavalin A were purchased from Sigma Aldrich (St. Louis, MO USA).

Gliadin peptides were synthesized by Bio-Synthesis (Lewisville, TX USA).

Food products were ground at 4°C in either 70% ethanol, or coco buffer containing 0.55 M of NaHCO3, 1% NaCl pH 8.5. Each food item was left on the stirrer at 25°C for 4 h. The food processor was decontaminated after each food was stirred. The mixture was centrifuged for 15 minutes at 2000 g, after which the top layer containing oil bodies was discarded. To ensure that all small molecules were removed, each solvent’s liquid phase was dialyzed against a buffer of 0.01 M phosphate buffered saline (PBS) using dialysis bags with a cutoff of 6000 DA for 72 h, with the buffer changed every 24 h. The protein concentration was subsequently measured using a kit obtained from Biorad (Hercules, CA USA). The complete list of the 180 foods can be found in Supplementary Material.



Antibodies against food proteins and peptides

Rabbit anti-gluten was purchased from Sigma Aldrich (St. Louis, MO USA).

Rabbit anti-phytohemagglutinin was obtained from Abcam (Fremont, CA USA).

Rabbit anti-WGA, anti-soybean agglutinin, anti-wheat, anti-a-gliadin, anti-egg, anti-corn, anti-peanut agglutinin and others were prepared by Bio-Synthesis (Lewisville, TX USA).



Reaction of anti-SARS-CoV-2 polyclonal and monoclonal antibodies with different pathogens, vaccine antigens, and food proteins and peptides

Commercially available microwell plates coated with different bacterial and viral antigens including BCG vaccine, DTaP vaccine, SARS-CoV-2 spike protein and nucleoprotein were prepared at an optimal concentration of 1-3 mg/mL. After dilution at 1:100 in 0.01 M PBS, pH 7.4, 100 microliters containing 1-3 mg of these antigens were added to a series of 96-well microtiter plates.

Food antigens were prepared at a concentration of 1 mg/mL. In coating the ELISA plate, we determined the optimal concentration of each food antigen by examining the concentration of antigens that gave the most reproducible results in quadruplicate. Consequently, we diluted the stock solution from 1:25 to 1:100 in 0.1 M carbonate-bicarbonate buffer (pH 9.5). One hundred microliters were added to each well of the polystyrene flat-bottom ELISA plate. All plates were kept for 6 h at room temperature (RT) and 18 h at 4°C. Plates were washed 4 times using an ELISA washer, and 200 microliters of 2% BSA were added to each well and incubated for 24 h at 4°C in order to block the non-specific binding of the antibody to the antigen-coated wells. To examine the binding of SARS-CoV-2 antibodies to each one of these antigens, 100 microliters of human anti-spike protein and human anti-nucleoprotein at optimal dilutions of 1:100-1:200, and rabbit anti-envelope and rabbit anti-membrane proteins at a dilution of 1:100 were each added to quadruplicate wells of microtiter plates coated with various antigens. After 1 h of incubation and washing, an optimal dilution of alkaline-phosphatase-labeled anti-human or anti-rabbit IgG was added to the appropriate sets of plates, which were then incubated again for 1 h at RT. To remove the unbound antibodies, plates were washed 5 times, and 100 microliters of substrate para-nitrophenylphosphate were added. After 45 mins, color development was measured using an ELISA reader at 405 nm. We calculated the means of the respective quadruplicate wells and used them in the graphs.

We calculated the percentage of each antibody’s tissue reaction according to the following formula:

	

In order to determine the specificity of human monoclonal and rabbit polyclonal antibodies in binding to pathogens, vaccines and food antigens, these antibodies were replaced with the same dilution of human serum from a healthy subject or with non-immunized rabbit serum and added to quadruplicate wells. Furthermore, the antibodies and other reagents were added to 4 wells coated with 2% HSA and BSA alone and used as negative controls. After completion of all ELISA steps, the ODs of these control wells were measured.



Binding of SARS-CoV-2 antibodies to serially diluted spike proteins, nucleoproteins, vaccine and food antigens

For the demonstration of the specificity of SARS-CoV-2 antibody binding to SARS-CoV-2 antigens, bacterial, viral, vaccine and food antigens were prepared at a concentration of 1 mg/mL. Each antigen was then diluted 1:200, 1:400, and 1:800, after which 100 microliters of each antigen was added to different rows of microtiter plates. This way, each row was coated with no antigen (blank), or with final amounts of 500, 250 and 125 nanograms of each antigen: E. faecalis, HSV 1 + 2, EBV EAD, DTaP, α+β casein, gliadin peptide, and peanut proteins. These antigens were chosen because they showed from low to strong reactivity with either SARS-CoV-2 spike and nucleoprotein antibodies. After the completion of the antigen-coating steps, SARS-CoV-2 monoclonal antibodies at a dilution of 1:100 was added to the wells coated with different concentrations of antigens. After completion of the other ELISA steps, the ODs were recorded at 405 nM.



Reaction of food-specific antibodies with SARS-CoV-2 spike proteins and nucleoproteins

Different wells of ELISA plates were coated with 0.5 micrograms of either spike protein or nucleoprotein that had been dissolved in 100 ml of 0.01 M PBS pH 7.4 and were then kept for 8 h at RT followed by 16 h at 4°C. Plates were washed 4 times with 0.01 M PBS containing 0.05% Tween 20. After washing, 200 ml of 2% BSA was added and incubated again for 8 h at RT, and 16 h at 4°C to block the uncoated surfaces. Following removal of the BSA and washing, the plates were ready for antibody reactivity. 100 microliters of serum diluent were added to the first 4 wells of a microtiter plate coated with spike protein or nucleoprotein. 100 microliters of unimmunized rabbit serum diluted 1:100 was added to the second set of 4 wells, and 100 microliters of rabbit anti-spike or anti-nucleoprotein antibody was added to a third set of 4 wells. The second and third sets of wells, 4 in each set, 8 in total, served as negative and positive controls. 100 microliters of rabbit serum with very high titers of IgG antibody to wheat, α-gliadin, WGA, milk, α+β casein, soy, soy agglutinin, peanut agglutinin, phytohemagglutinin, egg, and corn antibodies diluted 1:100. After 60 mins of incubation and washing, 100 microliters of goat anti-rabbit IgG labeled with alkaline phosphatase at a dilution of 1:200 was added. Color development and optical densities were recorded at 405 nM after completion of ELISA steps.



Reaction of human sera containing low or high levels of antibodies to viral and food antigens with SARS-CoV-2 spike protein

Using ELISA methodology, we screened 200 sera for the presence or absence of IgG antibodies against EBV EAD, HSV 1 + 2, HHV-6, peanut proteins, wheat, gliadin peptide, gluteomorphin + dynorphin, milk, α + β casein, and pineapple bromelain. We then selected 24 sera with very low levels and 24 sera with very high levels of antibodies against each of these viral or food antigens-coated plates. After dilution of each serum 1:50, and the completion of ELISA steps, the ODs were compared.



Reaction of human sera with low or high levels of SARS-CoV-2 antibody with other viral, food, and vaccine antigens

Using SARS-CoV-2 Zeus ELISA, we screened many sera and selected 24 with non-detectable and 24 with high levels of IgG antibody to SARS-CoV-2 spike protein and nucleoprotein. We then applied the selected sera at a dilution of 1:20 to ELISA plates coated with EBV EA, CMV, HSV 1 + 2, HHV-6, DTaP and BCG vaccines, peanut butter, wheat, gliadin peptide, gluteomorphin + dynorphin, milk, α+β casein, and pineapple bromelain. The selection of these vaccines, viral and food antigens was based on their reactivity to SARS-CoV-2 monoclonal antibody. After completion of all the ELISA steps, the ODs were recorded.



Amino acid sequence similarity between SARS-CoV-2 spike protein, nucleoprotein and other viruses and food antigens

We used the NIH/US National Library of Medicine’s BLAST (Basic Local Alignment Search Tool) sequence matching program to study the degrees of possible mimicry or amino acid (AA) sequence homology shared by SARS-CoV-2 spike protein and nucleoprotein with EBV EA, EBV VCA, EBV EBNA, CMV, HSV-1, HSV-2, HHV-6, peanut ARA H2 allergen, peanut agglutinin, wheat gliadin, glutenin, wheat germ agglutinin, casein, lentil lectin, pineapple bromelain and rice endochitinase.



Statistical analysis

Statistical analysis was performed by comparing the ODs obtained for the reactive tissue antigens with the mean OD of non-reactive tissue antigens + 3SD using STATA 14.2 software. Independent t-tests were performed to evaluate mean differences of optical densities between controls and antigens. A Bonferroni adjustment was conducted to account for type 1 errors with multiple comparisons and alpha was set to< 0.001.




Results


Reaction of human SARS-CoV-2 monoclonal antibodies with different vaccine, bacterial and viral antigens

We used human monoclonal antibodies made against SARS-CoV-2 spike proteins and nucleoproteins to measure the degree of immune reactivity of these antibodies with 15 different bacterial and viral antigens and 2 different vaccines, Bacillus Calmette-Guérin (BCG) and Diphtheria, Tetanus and Pertussis (DTaP). An earlier study showed that these 2 vaccines had a high degree of amino acid sequence similarity with SARS-CoV-2 (18). As expected, in comparison to the blank OD of 0.1 or less, the reaction of spike protein and nucleoprotein antibodies with recombinant spike proteins and nucleoproteins was greater than 3.5, which is very close to the maximum detection limit of the assay.

As shown in Figure 1, with spike protein reactivity as 100%, significant immune reactivity was observed between spike protein monoclonal antibody and DTaP vaccine (OD 1.4, or 36%), E. faecalis (OD 1.3 or 32%), and HSV 1 + 2 (OD 0.9, or 22%), but not with BCG vaccine. The immune reactivity was lower with CMV and most EBV antigens, ranging from 0.58 (13%) – 0.84 (21%) ODs. The ODs for VZV, measles and HHV-6 ranged from 0.38 (7%) – 0.43 (9%). Finally, for antigens such as LPS, E. coli+Salmonella CDT peptides, EBV VCA, and Borrelia burgdorferi, the ODs were very close to 3SD above the background OD of the controls, or OD< 0.27. The percentages of significant reactivity between SARS-CoV-2 spike antibodies and different bacterial and viral antigens are also shown in Figure 1. Overall, DTaP, E. faecalis, HSV 1 + 2, EBV-EAD, EBV-EBNA, CMV, HHV-6, measles, and VZV had significant p values (p< 0.001), while the other antigens were insignificant.




Figure 1 | Reaction of human SARS-CoV-2 spike protein monoclonal antibody with spike protein and different bacterial and viral antigens, including DTaP and BCG vaccines. At 3SD above the OD of background or 0.27, significant reaction between spike protein antibody and bacterial and viral antigens was observed. Each determination of antigen-antibody reaction was performed in quadruplicate. The standard deviations (SDs) for all the reactions were less than 0.1, and are shown as error bars. In these experiments, when monoclonal anti-SARS-CoV-2 antibodies were replaced with sera from healthy subjects, non-significant reactions with a mean of 0.25 were observed from the sera with spike protein. Percentages of significant reactivity are shown. DTaP is shown to be the most reactive. * = Antigens whose reactions were under the cutoff and/or close to the blank.



At 3SD above the background OD of the controls (0.3), the human monoclonal antibody to nucleoprotein had weak to strong reactions with 10 out of the 14 bacterial and viral antigens. As shown in Figure 2, with nucleoprotein reactivity as 100%, the strongest immune reactivity was with DTaP (OD 1.58 or 39%), E. faecalis (OD 0.93 or 21%), EBV-VCA (OD 0.82 or 18%), CMV (OD 0.77 or 17%) and Borrelia burgdorferi (OD 0.63 or 13%), all of which had p values< 0.001. For E. coli + Salmonella CDT peptides, EBV-EBNA, EBV-EAD, VZV, HHV-6, H. influenza, HSV 1 + 2, measles, and BCG, the ODs were below the cutoff or very close to the blank, and their p values were insignificant. The percentages of significant reactivity between SARS-CoV-2 nucleoprotein antibodies and different bacterial and viral antigens are also shown in Figure 2.




Figure 2 | Reaction of human SARS-CoV-2 nucleoprotein monoclonal antibody with nucleoprotein and different bacterial and viral antigens, including DTaP and BCG vaccines. At 3SD above the OD of background or 0.3, significant reaction between spike protein antibody and bacterial and viral antigens was observed. Each determination of antigen-antibody reaction was performed in quadruplicate. The SDs for all the reactions were less than 0.12, and are shown as error bars. In these experiments, when monoclonal anti-SARS-CoV-2 antibodies were replaced with sera from healthy subjects, non-significant reactions with a mean of 0.29 were observed from the sera with nucleoprotein. The ODs of these reactions were lower than 0.3. Percentages of significant reactivity are also shown. DTaP is shown to be the most reactive. * = Antigens whose reactions were under the cutoff and/or close to the blank.





Reaction of human SARS-CoV-2 monoclonal antibodies with different food antigens and peptides

Similar to what we did with pathogen and vaccine antigens, we reacted monoclonal antibody made against SARS-CoV-2 spike proteins and nucleoproteins with 180 different commonly consumed food proteins and peptides.

Anti-SARS-CoV-2 spike protein antibody had a significant reaction with 28 out of 180 food antigens. Reactions with beef and corn were weaker. The reactivity between SARS-CoV-2 monoclonal antibody and different foods was considered positive only if the obtained ODs were higher than the reagent controls and the mean ODs of the other foods + 3SD. The cutoff OD for spike protein antibody reaction with various foods was determined to be 0.56. Figure 3 shows that the most significant reactions (p< 0.001) of spike protein antibody were with soy (35%), α+β casein (34%), roasted almond (32%), lentil lectin (31%), milk (30%), gliadin toxic peptide (28%), squid (28%), cooked chicken (27%), broccoli (27%), and pea protein (26%).




Figure 3 | Reaction of human SARS-CoV-2 spike protein monoclonal antibody with various food antigens. At 3SD above the OD of antibody reaction with non-reactive foods or OD of 0.56, the spike protein antibody reacted significantly with 28 out of 180 tested food proteins and peptides. These reactions of SARS-CoV-2 spike protein antibody with different food antigens was obtained from quadruplicate testing. The SDs for all the reactions were less than 0.1, and are shown as error bars. * = Antigens whose reactions were under the cutoff and/or close to the blank. Glia Tox Pep, Gliadin Toxic Peptide; Peanut Agg, Peanut Agglutinin; Soy Bean Agg, Soy Bean Agglutinin; Bean Agg, Bean Agglutinin; Pineapple Br, Pineapple Bromelain; Ck, Cooked.



Compared to its reaction with SARS-CoV-2 nucleoprotein (100%), the application of SARS-CoV-2 nucleoprotein antibody to 180 food antigens resulted in the strongest reactions with the following foods: broccoli (39%), roasted almond (39%), cashew (34%), soy bean (32%), squid (32%), rice endochitinase (32%), pork (31%), pineapple bromelain (30%), and gliadin toxic peptide (30%). The cutoff OD for nucleoprotein was 0.64. The reactions with an additional 24 foods were not as strong; those still above the cutoff but weaker ranged from peanut agglutinin (14%) to egg (29%) while roasted peanut, beef and corn were below the cutoff (Figure 4). Overall, the difference in reactivity of SARS-CoV-2 monoclonal antibody with 22 of the reactive foods was very significant at p< 0.001, significant with 4 foods at p = 0.001, and insignificant for the rest.




Figure 4 | Reaction of human SARS-CoV-2 nucleoprotein monoclonal antibody with various food antigens. At 3SD above the OD of antibody reaction with non-reactive foods or OD of 0.64, the nucleoprotein antibody reacted significantly with 26 out of 180 tested food proteins and peptides. The data was obtained from quadruplicate testing. The SDs for all the reactions were less than 0.1, and are shown as error bars. * = Antigens whose reactions were under the cutoff and/or close to the blank. Glia Tox Pep, Gliadin Toxic Peptide; Peanut Agg, Peanut Agglutinin; Soy Bean Agg, Soy Bean Agglutinin; Bean Agg, Bean Agglutinin; Pineapple Br, Pineapple Bromelain; Rice Endo, Rice Endochitinase; Ck, Cooked.





Serial dilutions of human SARS-CoV-2 spike and nucleoprotein antibodies with the same concentration of vaccines and food antigens

Monoclonal antibodies made against both spike protein and nucleoprotein were applied to spike protein and nucleoprotein, as well as bacterial, viral and food antigens that had been serially diluted at dilutions of 1:200, 1:400 and 1:800. These antigens were selected because they had reacted significantly with these antibodies in prior experiments. As shown in Figure 5, the reaction of the anti-SARS-CoV-2 spike protein antibodies with E. faecalis, HSV 1 + 2, EBV-EAD, DTaP vaccine, α+β casein, gliadin toxic peptide and pea protein decreased in proportion to an increase in the dilution.




Figure 5 | Reaction of human SARS-CoV-2 spike protein monoclonal antibody with different bacterial, viral and food antigens at dilutions of 1:200 , 1:400 , and 1:800 . Note that in proportion to the dilution of the antigens, a significant decline in antibody-antigen reaction is observed. Each determination of antibody-antigen reaction was performed in triplicate. The SDs for all the reactions were less than 0.1, and are shown as error bars.



Similar to spike protein antibody, the reaction of SARS-CoV-2 nucleoprotein antibody with bacterial, viral and food antigens decreased in proportion to an increase in the dilution (Figure 6). This corollary decline, however, is more pronounced and noticeable with antigens that reacted strongly with anti-nucleoprotein antibody, such as DTaP, gliadin toxic peptide, E. faecalis, and pea protein, while the decline with HSV 1 + 2, EBV-EAD and α+β casein, although present, are less obvious due to the closeness of their ODs to the background.




Figure 6 | Reaction of human SARS-CoV-2 nucleoprotein monoclonal antibody with different bacterial, viral and food antigens at dilutions of 1:200 , 1:400 , and 1:800 . Note that in proportion to the dilution of the antigens, a significant decline in antibody-antigen reaction is observed only in the antigens with ODs that are >0.5. Each determination of antibody-antigen reaction was performed in triplicate. The SDs for all the reactions were 0.1 or less, and are shown as error bars. .





Reaction of rabbit polyclonal affinity-purified food-specific antibodies with SARS-CoV-2 spike protein and nucleoprotein

Using ELISA methodology, we reacted affinity-purified antibodies made against phytohemagglutinin (PHA), soy protein, soy agglutinin, peanut agglutinin, wheat, wheat germ agglutinin (WGA), α-gliadin-33 mer, milk, α+β casein, egg and corn by applying them to ELISA microwells coated with spike protein or nucleoprotein. We found that unimmunized rabbit serum diluted 1:100 did not react significantly with SARS-CoV-2 proteins. The ELISA indices for the unimmunized rabbit serum for all the reactions were within 3SD above the mean OD of control wells (0.36 – 0.39). The reactions and percentages of reactivity between SARS-CoV-2 antibodies and different food antigens are shown in Figure 7.




Figure 7 | Reaction of affinity-purified rabbit polyclonal antibodies made against different food antigens with recombinant SARS-CoV-2 spike or nucleoprotein . Each determination of antigen-antibody reaction was performed in quadruplicate. The SDs for all the reactions were 0.1 or less, and are shown as error bars. * = Antigens whose reactions were under the cutoff and/or close to the blank. WGA, Wheat Germ Agglutinin; Peanut Agg, Peanut Agglutinin; Soy Agg, Soy Agglutinin; PHA, Phytohemagglutinin. Percentages of significant reactivity are also shown.



The data presented in Figure 7 show that the following food antibodies had moderate to strong reactions with both SARS-CoV-2 spike proteins (SP) and nucleoproteins (NP): anti-wheat (SP 22%, NP 28%), anti-α-gliadin (SP 35%, NP 34%), anti-milk (SP 33%, NP 19%), anti-α+β casein (SP 29%, NP 22%), anti-soy (SP 28%, NP 20%), anti-PHA (SP 25%, NP 22%), anti-egg (SP 41%, NP 29%) and anti-corn (SP 33%, NP 26%). The reactions of WGA antibody with the SARS-CoV-2 proteins were low (SP 15%, NP 13%), and the reactions of anti-soy agglutinin and anti-peanut agglutinin with those proteins was comparable to reaction of unimmunized rabbit serum with SARS-CoV-2 spike and nucleoproteins. To facilitate the clarity of results, the percentages of reactivity are also shown in Figure 7.



Reaction of human sera containing low or high levels of antibodies to different viral and food antigens with spike protein

Summary results of the reaction of sera containing low or high levels of IgG antibodies against EBV-EAD, HSV 1 + 2 and HHV-6 with SARS-CoV-2 spike protein are shown in Figure 8. Compared to the reaction of 24 sera with low levels (negative) of IgG antibody against EBV-EAD, HSV 1 + 2 and HHV-6, the reaction of 24 sera containing high levels of antibodies against these viral antigens with SARS-CoV-2 spike protein resulted in higher ELISA ODs with p values of 0.052, 0.028 and 0.006 respectively for EBV-EAD, HSV 1 + 2, and HHV-6.




Figure 8 | Reaction of human sera with low (Negative) or high levels of IgG antibody against EBV-EAD, HSV 1 + 2, HHV-6 and different food antigens with SARS-CoV-2 spike protein-coated plates. Black bars = means.



In Figure 8, the data shows that the reactions of human sera containing high levels of IgG antibody to peanut agglutinin and soy agglutinin with spike protein were comparable to those of sera containing low levels (negative) of antibody with non-significant p-values. However, most sera with high levels of IgG antibody against α-gliadin peptide, milk, α+β casein, and pineapple bromelain reacted strongly with SARS-CoV-2 spike protein, resulting respectively in p values of 0.020, 0.0003, 0.016, and 0.034.



Amino acid sequence similarity between SARS-CoV-2 proteins and other viruses and food antigens

We used BLAST to find the degree of identity between SARS-CoV-2 proteins and other viruses and pathogens, including HSV-1, HSV-2, EBV, CMV, HHV-6, measles, VZV and Borrelia burgdorferi. SARS-CoV-2 proteins shared a significant number of peptides with each of these pathogens, as can be seen in Table 1A and Table 1B. These SARS-CoV-2 sequences shared 50-100% identity with different viruses. An almost similar number of peptide sequences with identity percentages ranging from 30 to 49% were also observed but are not shown in these tables. Similar to SARS-CoV-2 homology with other viruses and pathogens, we used BLAST to find a significant number of peptides from different foods that are consumed on a daily basis which shared 50-73% identity with SARS-CoV-2 sequences. These foods were peanuts, almonds, wheat, milk, rice, lentil and pineapple (see Table 2A and Table 2B). In both cases these subject sequences actually made a match with more than one section of the SARS-CoV-2 sequences; the multiple matches are indicated by asterixes in Tables 1(A & B) and 2(A & B).


Table 1 | Potential cross-reactive epitopes between SARS-CoV-2 proteins and Herpesvirus antigens.




Table 2 | Potential cross-reactive epitopes between SARS-CoV-2 proteins and food antigens.






Discussion

In our earlier investigation, we applied anti-SARS-CoV-2 monoclonal antibody to 55 different tissue antigens and showed that these specific antibodies reacted with 28 autoantigens (20). We also sought selective peptide matches shared by spike protein and nucleoproteins with mitochondria M2, F-actin, and thyroid peroxidase, and found extensive cross-reactivity between them (20).

In another article in the same journal (15), Reche et al. explored potential cross-reactive immunity to SARS-CoV-2 from common human pathogens and vaccines. Among the tested 25 human pathogen and vaccine antigens, they found that viruses such as mumps, measles and rubella used in pediatric vaccinations did not contain SARS-CoV-2 cross-reactive epitopes, and concluded that immunity against these viruses may not provide any general protection against SARS-CoV-2. In comparison, the authors found combination vaccines against diphtheria, tetanus and pertussis (DTaP vaccine) to be significant sources of possible cross-reactive immunity to SARS-CoV-2 spike protein, which included numerous CD4, CD8, and B cell epitopes (15).

We were inspired by these findings, firstly, to investigate the reaction of SARS-CoV-2 monoclonal antibody with different pathogens and vaccines, particularly DTaP. Secondly, since in additional studies we showed evidence of immune reactivity by antibodies made against pathogens and human autoantigens towards different food antigens (22, 23, 26), we extended this current research to cross-reaction between SARS-CoV-2 proteins and foods that we consume on a daily basis. This is because it has been shown that the entry of undigested food antigens into the circulation results in the production of food-specific antibodies not just in individuals with disturbed microbiota and enhanced intestinal permeability but also in healthy subjects (23–33). The cross-reactive immunity elicited by food antigens and peptides in combination with bacterial, viral, and vaccine antigens is highly important since it may protect the general population against SARS-CoV-2 and other cross-reactive viruses (15, 27).

However, because epitope sharing between two proteins by itself is not necessarily an indication of immune cross-reactivity (34), based on our earlier experience (19, 20), we applied monoclonal antibodies made against SARS-CoV-2 spike protein and nucleoprotein to DTaP and BCG vaccine antigens, as well as to several common viruses and bacteria to which our immune system has most likely been exposed during our lifetime, to determine if in fact the shared epitopes and homology actually resulted in cross-reactions (16, 17, 35–37).

We chose to use human IgG1 monoclonal antibody made against SARS-CoV-2 spike protein S1 domain and human IgG1 monoclonal antibody made against SARS-CoV-2 nucleoprotein. We used rabbit polyclonal antibodies to react with different food antigens.

Why did we choose to focus mainly on monoclonal antibodies to study reactivity by SARS-CoV-2 with pathogens and vaccines? It is true that polyclonal antibodies have the ability to detect multiple epitopes on an antigen, giving them a higher overall affinity for their antigen and, therefore, greater detection efficiency. However, the heterogenous nature of polyclonal antibodies also makes them more prone to batch-to-batch variability and cross-reactivity with other molecules, resulting in a higher background. Monoclonal antibodies, on the other hand, only detect one epitope per antigen, thus reducing cross-reactivity with other molecules. This also reduces the possibility of false positives, which is precisely the reason why we chose to focus mainly on monoclonal antibodies (38, 39).

We chose this specific antibody from Novus because it binds specifically to amino acids 318-510 in the S (spike) domain of the SARS-CoV spike protein as well as the SARS-CoV-2 (COVID-19) spike protein, giving us a broad range with which to work. More importantly, this antibody binds to the receptor binding domain (RBD), which is the most important component of the viral spike glycoprotein that is found on SARS-CoV-2. The virus uses this spike protein to anchor itself to the ACE2 receptor on human cells before infecting them. The RBD ise used as an antigen to generate neutralizing antibodies that are used in monoclonal antibody therapy against the progression of COVID-19 (40, 41).

Likewise, we used human SARS-Cov-2 nucleoprotein monoclonal antibody because it recognizes and binds the non-linear/conformational epitope of the N protein of SARS-CoV and SARS-CoV-2. This protein, as opposed to other viral components (S1, S2), can induce innate memory in human primary monocytes. This innate memory from viral nucleoproteins may contribute to the overall response to viral or bacterial infections or the response to vaccination (42).

In this present study, we found that SARS-CoV-2 spike protein specific antibody reacted most significantly with DTaP vaccine, to a somewhat lesser degree with E. faecalis bacteria which commonly resides in the human gut, to even lesser degrees with EBV-EAD, EBNA, HSV 1 + 2 CMV, and B. burgdorferi, but not significantly at all with BCG, measles, H. influenza, EBV-VCA, HHV-6, VZV, E. coli CdT and LPS (Figure 1). While the reaction of SARS-CoV-2 nucleoprotein monoclonal antibody with DTaP vaccine was the strongest, the overall reaction of anti-nucleoprotein antibody with the vaccines, viral and bacterial antigens was less strong (Figure 2). These results further confirm the findings of Reche (15), that the combination of DTaP vaccines are significant sources of T and B cell cross-reactivity to SARS-CoV-2, and cross-reactive immunity to DTaP vaccines can be protective against SARS-CoV-2.

BCG is a live attenuated strain of M. bovis used against tuberculosis. It has been shown that BCG can elicit protective heterologous immunity to SARS-CoV-2 (43–47). This protection of BCG and the induction of heterologous protective immunity against SARS-CoV-2 and other viruses is explained by the induction of trained immunity and functional reprogramming of innate immunity (15, 48–50). This conclusion was based on the observation that countries that implement BCG vaccination have fewer COVID-19 cases (43–46). Thus, we were consequently surprised when our purchased monoclonal antibodies made against both SARS-CoV-2 spike protein and nucleoprotein did not react with BCG vaccine antigens. In fact, the OD obtained from these reactions was comparable to the ELISA background, or less than 0.3. The lack of immune reactivity by SARS-CoV-2 spike protein and nucleoprotein antibodies with BCG may show that the presence of cross-reactive epitopes between two proteins does not necessarily result in cross-reactive immunity (34). However, our own results may be due to our use of human SARS-CoV-2 spike protein monoclonal antibody that binds specifically to amino acids 318-510 in the S domain of the SARS-CoV and SARS-CoV-2 spike proteins, and to our use of human SARS-Cov-2 nucleoprotein monoclonal antibody which recognizes and binds the non-linear/conformational epitope of the N protein of SARS-CoV and SARS-CoV-2. We admit that it is all too possible that BCG may be reacting with one or more of the many other SARS-CoV-2 epitopes different from the ones we used, such as the non-structural proteins also shown in our tables. Interestingly, while studying potential cross-reactivity between SARS-CoV-2 and BCG, Reche found 120, out of which 41 were for B-cell epitopes, 21 were for CD8 epitopes, and 11 were for CD4 epitopes (15).

Regarding common bacteria and viruses, including herpesviruses, we found significant reactivity by monoclonal antibody to spike protein with E. faecalis and moderate reactions with some of the herpes family of viruses (Figure 1). These reactions with this enterobacter, EBV and HSV 1 + 2 may be significant, because IgG antibody against these pathogens is found in various degrees in the blood of the general population (51). More research is needed on whether or not these common bacteria and viruses can be protective against SARS-CoV-2.

Because in our earlier studies we had shown that antibodies specific to both SARS-CoV-2 and food reacted with a variety of human tissue antigens (19–28, 30–32), in this study we hypothesized that many food proteins and peptides may share homology with SARS-CoV-2 proteins, and thus immune reaction against food proteins may be protective against SARS-CoV-2 infection. To test this hypothesis, we applied monoclonal antibody against SARS-CoV-2 spike protein to 180 different food proteins or peptides. This resulted in a significant reaction with 28 foods and weaker reactions with 2 foods, while immune reactivity with the other 150 food resulted in ODs of less than 0.56 or the mean ± 3SD of all the non-reactive foods, the ODs of which were very close to the background. Milk, α+β casein, gliadin toxic peptide, soy, pea protein, roasted almond, lentil lectin and other commonly consumed foods were among those that reacted with SARS-CoV-2 spike protein antibody (Figure 3). With SARS-CoV-2 nucleoprotein antibody the reaction was strongest with broccoli, roasted almond, cashew, soy bean, rice endochitinase, pork, pineapple bromelain, and gliadin toxic peptide. The reaction between SARS-CoV-2 nucleoprotein antibody and 20 other foods, although significant, was not as strong (Figure 4). Additional experiments performed in this research supports the hypothesis that this anti-SARS-CoV-2-specific antibody reaction with common vaccine antigens (DTaP), bacteria (E. faecalis), common viruses (EBV, HSV 1 + 2), and food proteins such as α+β casein, gliadin peptide, pea protein and others is specific:

	Reaction of anti-SARS-CoV-2 protein antibodies resulted in a significant decline in antibody reaction with vaccine, viral and food antigens in proportion to their dilutions (Figures 5, 6)

	Reaction of affinity-purified polyclonal antibodies made against different foods with SARS-CoV-2 spike protein and nucleoprotein resulted in a significant reaction only if the anti-food antibodies were made against the food items with which SARS-CoV-2 antibody had reacted in the earlier experiment (Figures 5–7). Rabbit polyclonal antibodies were used because monoclonal antibodies for these foods are not available.

	Only human sera that had high levels of IgG antibodies to herpesviruses and food antigens such as gliadin, milk, α+β casein and pineapple bromelain, reacted significantly with SARS-CoV-2 spike protein (Figure 8)

	We found significant homology between SARS-CoV-2 proteins and vaccine antigens as well as common viruses shown previously (15) and in this study (Tables 1, 2), and between SARS-CoV-2 proteins and different food items shown for the first time in this manuscript



Finally, we would like to admit that at this level we don’t know if these cross-reactive antibodies produced against a virus like EBV or foods like gliadin or α+β casein are protective or not against SARS-CoV-2. Considering the phenomenon that has been referred to as the “original antigenic sin” (17, 52), “whereby a history of a response to cross-reactive antigens can bias the response towards those antigens and inhibit the response to a new infection or vaccine” (17, 52), we should interpret our results with caution. Especially, since, very recently in different articles, it was shown that not only is EBV DNA increased in COVID-19 patients, but EBV reactivation and lytic replication induces ACE2 expression and enhances SARS-CoV-2 entry into the epithelial cell (53–55). Additionally, antibody cross-reactivity between casein and myelin associated glycoprotein (MAG) was shown to result in central nervous system demyelination (56). Thus, we do not definitively know if cross-reactive antibodies produced against viral and food epitopes that share similarity with SARS-CoV-2 proteins are helpful in controlling SARS-CoV-2 infections.



Conclusion

The findings presented in this manuscript indicate that cross-reactivity elicited by DTaP vaccines in combination with common herpesviruses to which we are exposed at an early age, bacteria that are part of our normal flora (E. faecalis, E. coli), and food that we consume on a daily basis may be keeping some individuals safe from COVID-19 in different parts of the world. This cross-reactivity between different pathogens and food antigens may explain why a significant percentage of the population who were repeatedly exposed to different variants of SARS-CoV-2 never became seriously ill. Additional in vivo and in vitro experiments are needed to clarify whether or not this cross-protection was due to the presence of cross-reactive antibodies or long-term memory T and B cells in the blood. Although cross-reactivity is mainly viewed as negative, this cross-reaction involving vaccine antigens, common viruses and food antigens may be protective.



Limitations of the study

	We admit that there are several limitations to our study.

	We applied human monoclonal antibodies made against SARS-CoV-2 spike protein and nucleoprotein in some experiments but used purified rabbit polyclonal antibodies in others due to lack of availability. Upon their availability, experiments should be performed comparing different clones of monoclonal antibodies and different preparations of polyclonal antibodies, testing their reactivity with different vaccines, pathogens and food proteins.

	We studied only a limited number of vaccines, bacteria and viruses in comparison to 180 different food antigens for the presence of cross-reactive immunity.

	Due to the high costs of SARS-CoV-2 recombinant antigens, for determining the specificity of antibody-antigen reaction we performed only serial dilutions and did not perform inhibition studies, which require high concentrations of antigens

	We used the BLAST sequence matching program to study the degrees of possible amino acid sequence homology shared by SARS-CoV-2 proteins with different viruses and food antigens, but not with T- and B-cell cross-reactive epitopes, as was done by Reche (15).
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SARS-CoV-2 antigen

The crystal structure of COVID-19 main protease in the apo state
Chain A, Spike glycoprotein

Chain A, Spike glycoprotein

Chain A, Spike glycoprotein

Replicase ORFla polyprotein

Replicase ORFla polyprotein

Membrane glycoprotein

Structure of Disulphide-stabilized SARS-CoV-2 Spike Protein Trimer
(x2 disulphide-bond mutant, G413C, V987C, single Arg S1/S2 cleavage
site)

Structure of SARS-CoV-2 3Q-2P full-length prefusion spike trimmer
(C3 symmetry), SARS-CoV-2

Chain A, Spike protein S2, SARS-CoV-2
Chain A, Spike protein S2, SARS-CoV-2
Chain A, Spike protein S1, SARS-CoV-2
Chain A, Spike protein S1, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike protein S1, SARS-CoV-2
Chain A, Nucleoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain B Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain R, Spike protein S1, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2

Chain A, Spike protein S2, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike protein S2, SARS-CoV-2
Chain B Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike protein S2, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike protein S1, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike protein S2, SARS-CoV-2

Chain A, Spike protein S2, SARS-CoV-2
Chain A, Nucleoprotein, SARS-CoV-2

Chain E, Spike protein S1, SARS-CoV-2
Chain B, Spike glycoprotein, SARS-CoV-2
Chain A, Spike protein $2, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2
Chain A, Spike protein S1, SARS-CoV-2
Chain A, Spike glycoprotein, SARS-CoV-2

SARS-CoV-2 sequence

TITVNVLAWLY-AA
LVSL-LSVLL
SQILPDPSKPS
SPS—-GAGSVASQ
LVA-EWFL-A
MPILTLTRAL

KLIFLWLLWPVTLACFVLAA

CEAEVQI—-DRL

PQ-QAQSVASQ

QSLQTYVTQQ
QQLIRAAEIRASANLA
SLV-SLLSVLL
PALLSLV-SLLSVL
EVAKNLNESL
STNLVK-NKGSLE
DLKFPRG-QG
TQTNSPASVASQSI
TRTQLPPAYTNS
IQHSG-RPLESR
RASANLAAIKIM
RASANLAATKM
GGG—-SGGGSGGSS
SGAGS-VASQSIT
CGGG——GSGSG
PSSA-SSVASQSIT
SPGGSGSVASQSII
GSGSGRVQPTESIV/

LQSLQTYVTQQLIR
TPSALGKLQD
TQCVNLTTRTQLPP
CSFGGVSVITP
FIAGLIAVLV
VLSHHFGKEL
LVKQLSSNFG
TGD—VNLTTRT
PSAYTNSE-TRGV
SLQTYVTQQLI
NGLTVLPPLLT
VASQSIAYT
KREDNPVLPEND
KQGNFKNLSE
VTQQLIRAAEIRASAN
HEPREGVFVSN-GT
QDPNSSSTKK
FVF-LVLLPLV
AFFFFLQLLGNVLY
GINASVVNIQ
QELGKYEQGSG
NENGTITDAVDCALD
YQTQTNSRRRAR

Mapped
start to
end

197-209
15-23
777-787
699-709
2323-2330
4634-4643
50-69
978-987

681-690

300-309
308-323
14-23
10-22
1185-1194
215-226
16-24
676-689
20-31
1246-1256
1019-1029
1111-1121
1261-1272
701-712
219-227
681-693
667-680
1-14

299-312
915-924
4-17
564-574
4-14
72-81
53-62
19-28
25-36
301-311
830-84
674-683
64-75
182-191
306-321

386-398
11-20

2-11
57-70
4-13
1188-1198
268-282
672-683

Food sequence

TILV-ALA-LFLLAA*
LVALALF-LL*
SQ—DPYSPS*
SPSPYDRRGAGS-SQ*
LVALALFLLA*
MAKLTILVAL
KLTIL—-VALALFLLAA
CEALQQIMENQSDRL

PQLQPQN-PSQ

QILQ—-QQ*
QQLPQFEEIR—NLA*
SLVSSLVSMIL*
PAQLEVIRSL-VL*
EVQANL-SL*
STNLQKALSK-ALE
NLDFSKGHQG*
TQTPTQAS-NSQFI
TPTQ—A-SNS*
1HHPGAFPPLPSR*
RALA-LAVVAM*
RALA-LAVVAM*
GGGPTPPSSGGGSGVAS*
SGGGSGVA-SIT*
CGGGPTPPSSGGGSG
PSSGGGSGVAS-II
SSGGGSGVA-SIT
GGGSG-V—ASIT

LQ-LQAAHAQEQIR*
TPSTLG-LND*
TQHPNVTT—LAP*
CS—VSTATP*
FIGG—IVLV
VLSQKFEKEL
LVIQLKESFG*
TGNIARVNLTTNT
PSA-SNAFMVCGV
SLQT—QMTI*
NVLTVT—LT*
VA-Q—YT*
KR—EPVVSFDD*
KRGNLVSLSE*
VSNQPI-AAALDASGN*
HYKR-GVFTGPCGT*
QD—SSGKK
FVFSLCLL-LV*
AFVFSLCLL—LV
GVAASRITIQ*
QE—QQGSG*
NENG—DAI—LD*
YQI—SREQAR*

ID
(%)

53
60
55
56
60
50
50
53

55

50
56
64
50
50
57
50
57
50
54
55
55
59
69
53
60
57
50

50
70
50
55
64
70
60
62
54
55
5o
50
50
60
50

50
60

73
57
50
55
53
50

* This subject sequence made a match with more than one section of the SARS-CoV-2 sequence. Only a selection of the overwhelming number of matches are shown in this table, with a
cutoff of ID% of 50 and above.
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OEBPS/Images/table1.jpg
SARS-CoV-2 antigen SARS-CoV-2 Mapped Herpesvirus ID
sequence start to end sequence (%)
HSV-1 Chain R, Spike protein S1, SARS-CoV-2 LYFQGGSGDS 14-23 LY—DSGDS 60
Chain A, Spike protein S1, SARS-CoV-2 VADYSVLYNS 56-65 VAGFLALYDS* 50
Chain A, Spike protein $2, SARS-CoV-2 QLIRAAEIRAS 309-319 QLERVLETAAS* 55
Chain A, Spike glycoprotein, SARS-CoV-2 LPDPSKPSKR 804-813 LPSVSLATKR* 50
Chain A, Spike glycoprotein, SARS-CoV-2 VLFQGPGSGGLNDIFEAQ 1241-1258 VLFSGPSP-L—EAQ 50
SARS-CoV-2 spike D614G variant, minus RBD, SARS-CoV-2 PGSGYIPEAP 1220-1229 PARGKYNGAP 50
HSV-2 Chain B Spike glycoprotein, SARS-CoV-2 AAYYVGYLQPRT 251-262 AA-TAYL-RT* 50
Dissociated S1 domain of SARS-CoV-2 spike bound to ACE2 (non- VENATRFASV 372-381 VFFAASFAAT* 50
uniform refinement), SARS-CoV-2
Chain A, Spike protein S2, SARS-CoV-2 NDILSRLDKVEA 276-287 NDLISR-D-EA* 58
Chain A, Spike glycoprotein, SARS-CoV-2 NDILSRLDPPEA 952-962 NDLISR-D-EA* 58
Chain A, Spike glycoprotein, SARS-CoV-2 NDILSRLDKCEA 965-976 NDLISR-D-EA 58
Chain A, Spike glycoprotein, SARS-CoV-2 PGDSS-SGWTAGA-AA 251-264 PTDSSILS—PGALAA* 53
Chain A, Spike glycoprotein, SARS-CoV-2 DS-LSSTASAL 936-945 DSSILSP-GAL* 50
Chain A, Spike glycoprotein, SARS-CoV-2 DS-LSSTPSAL 936-945 DSSILS-PGAL* 58
EBV-VCA Chain A, Spike glycoprotein, SARS-CoV-2 LS-TFLSGLEVLF 1233-1244 LSLTF—-VLF 54
Chain A, Spike glycoprotein, SARS-CoV-2 TM-SLGAENSV 670-679 TMAKSL-ENSV* 67
Chain A, Spike glycoprotein, SARS-CoV-2 LG-VENS-VAYS 696-705 LGCTVEKGDHVAYS* 57
Chain A, Spike glycoprotein, SARS-CoV-2 TTLDSKTQSLLI 108-119 TTVEKK-SLTI* 50
Chain A, Spike protein S2, SARS-CoV-2 YICGDSTECSN 34-49 YICTVSNPISN 55
EAD Chain A, Spike protein S1, SARS-CoV-2 ALDPLSETKC 280-289 ALAVLS-KC* 60
Chain B Spike glycoprotein, SARS-CoV-2 RPSQAEFGTATM 82-93 RP—EFVKLTM 50
Chain E, Spike protein S1, SARS-CoV-2 VK-GFNCYFPL 151-160 VKQAFN-PL 55
EBV-EBNA  SARS-CoV-2 spike D614G variant, minus RBD, SARS-CoV-2 GSPGSGYIPEAPRGDQ 1218-1233 GPPGIG-PEGPL-GQ* 56
SARS-CoV-2 spike D614G variant, minus RBD, SARS-CoV-2 GSPGSGYIPEAPR 1218-1230 GSP-SG—-PR* 54
Chain A, ORF3a protein, SARS-CoV-2 EPIYDEPTTTT—SV 261-273 EP—PTVTTQRQSV 50
CMV Chain A, Spike glycoprotein, SARS-CoV-2 KCVNFN—FNGLTG 511-522 KC—NDKKFNG-TG* 53
Chain A, Spike protein $2, SARS-CoV-2 IRAA-EIRASAN 311-321 TRQAHCNI-SAN* 54
Chain D, Spike protein S2, SARS-CoV-2 LEEVAKKLEE 20-29 LKQVAQKLHE 60
Chain A, Spike protein S1, SARS-CoV-2 TPINLVRDLPQGFSAL 195-210 TSIRLV-D—GFLAL* 56
HHV-6 Crystal Structure of NendoU (Uridylate-specific endoribonuclease, SHHHHHHSSG 4-13 SHHHHHHSSG 100
nspl5)
Peptide-bound SARS-CoV-2 Nsp9 RNA-replicase HHHHHHSAAL 3-12 HHHHHHSSGL 80
Crystal structure of 2019-nCoV nucleocapsid N-terminal domain HHHHHH-GL 1-8 HHHHHHSSGL* 80
(NTD) protein
Structure of the RNA-dependent RNA polymerase QVLSEM-VM 652-659 EVL—-MMDVM* 50
SARS-CoV-2 Envelope Protein Transmembrane Domain: Pentameric =~ LFLAFV—VF 12-19 LFIVFVLLYVF 55
Structure Determined by Solid-State NMR
Cryo-EM structure of SARS-CoV-2 ORF3a IVGVALLAVFQ 47-57 IVFV-LLYVFH 64
Cryo-EM structure of SARS-CoV-2 Spike ectodomain LTDEMIAQYT 852-861 LTDNRTIVYT* 50
X-ray Crystallographic Structure of Orf9b QIQ-LAVTRME 1827 QVQKPLSVTWMD 50
SARS-CoV-2 RdRp/RNA complex VQ-LSEISMD 168-176 VQKPLSVTWMD* 55
SARS-CoV-2 RARp/RNA complex VIVNNLDKSA 494-503 VI-NNLTKSA* 80
Measles Chain A, Spike glycoprotein, SARS-CoV-2 PSPGMPALLS 5-14 PSSTKPPALS* 50
Chain A, Nucleoproprotein, SARS-CoV-2 SSSTKKSAAEAS 15-26 SSTTKSPASSAS 58
Chain A, Nucleoproprotein, SARS-CoV-2 SNATKKSAAEAS 1-12 SSTTKSPASSAS* 50
Chain A, Spike glycoprotein, SARS-CoV-2 TNSPRRAASVAS 678-689 TKSP—ASSAS 58
Varicella Chain B, Nucleoproprotein, SARS-CoV-2 TPGSSRGTSP 8-17 TPSEGRQPSP 50
zoster Chain A, Spike glycoprotein, SARS-CoV-2 PS-GRLVPRGSP 1210-1220 PSEGRQ-PSPSP* 58
Chain A, Spike protein S2, SARS-CoV-2 RLQSLQTYVTQ 298-308 RLQDLSSCITQ* 55
Chain N, Spike glycoprotein, SARS-CoV-2 GLPQGFSALE 215-224 GLPNFFRALE* 70
Chain A, Spike glycoprotein, SARS-CoV-2 LRTRTQLPPA 18-27 LQT-TTLPPA* 70
Chain A, Spike glycoprotein, SARS-CoV-2 QTQTNSPQQAQ 675-685 QTTTLPP-AQ 55
Borrelia Chain B, Spike protein S1, SARS-CoV-2 YNYLYRLFRLSNL 115-127 YNYL——SNL* 54
burgdor-feri iy A, Spike glycoprotein, SARS-CoV-2 LS—TFLENLYFQGD-YK 1230-1244 LSSLTFL-NL- 56
LGNPYK*
Chain A, Spike glycoprotein, SARS-CoV-2 RKD-GEWVLLSTFLENL 1222-1237 RKDFAG—L-TFLEEL* 56
Chain E, Spike protein S1, SARS-CoV-2 TGVLTESN—KKF 231-241 TG—ETNSLIKKF* 50
Chain A, Spike glycoprotein, SARS-CoV-2 LS-ETKCTLKSFT 327-338 LSTGETNSLIKKFT* 50
Chain A, Spike glycoprotein, SARS-CoV-2 ITNGSLEVLFQ 332-342 ITDES—LFQ 55
Chain N, Spike glycoprotein, SARS-CoV-2 VFLV-LLPLVSSQ 3-14 VFLVPCLL—SQ* 57
Chain A, Spike protein S2, SARS-CoV-2 SLQTYVTQQLI 301-311 SLQT—-LI* 55
Chain A, Spike glycoprotein, SARS-CoV-2 LVDLPIGIN-ITRF 209-221 LV-LKISRNAITTF* 57
Chain A, Spike glycoprotein, SARS-CoV-2 SFCTQLNRAL 777-786 SE-TQEQQAL* 60

* This subject sequence made a match with more than one section of the SARS-CoV-2 sequence. Only a selection of the overwhelming number of matches are shown in this table, with a
cutoff of ID% of 50 and above.





