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Abstract

The Bacillus Calmette-Guérin (BCG) vaccine is known to have protective effects not only against tuberculosis but also against
other unrelated infectious diseases caused by different pathogens. Several epidemiological studies have also documented the
beneficial influence of BCG vaccine in reducing both susceptibility to and severity of SARS-CoV-2 infection. The protective,
non-specific effects of BCG vaccination would be related to an antigen-independent enhancement of the innate immunity,
termed trained immunity. However, the knowledge that heat shock protein (HSP)65 is the main antigen of Mycobacterium
bovis BCG prompted us to verify whether sequence similarity existed between HSP65 and SARS-CoV-2 spike (S) and
nuclear (N) proteins that could support an antigen-driven immune protection of BCG vaccine. The results of the in silico
investigation showed an extensive sequence similarity of HSP65 with both the viral proteins, especially SARS-CoV-2 S,
that also involved the regions comprising immunodominant epitopes. The finding that the predicted B cell and CD4" T cell
epitopes of HSP65 shared strong similarity with the predicted B and T cell epitopes of both SARS-CoV-2 S and N would

support the possibility of a cross-immune reaction of HSP65 of BCG with SARS-CoV-2.
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Introduction

Since the beginning of the ongoing COVID-19 pandemic,
much effort has been spent to identify the regions of the viral
proteins targeted by neutralizing antibodies. Studies dealing
with the functions and structures of neutralizing antibodies
isolated from COVID-19 patients have shown that these anti-
bodies are prevalently, but not exclusively, directed against
the spike (S) protein, responsible for the virus entry into host
cells (Kared et al. 2021; Shrock et al. 2020).

A detailed analysis of the humoral immunity of COVID-
19 patients allowed to identify and characterize the immune
dominant regions in both S and nuclear (N) proteins of
SARS-CoV-2 (Shrock et al. 2020). Epitopes of S protein
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were found not only in the region of the receptor binding
domain (RBD) but also in regions comprised in the sequence
617-1200 (Shrock et al. 2020; Morgenlander et al. 2021) in
which a cluster of epitopes of immune relevance was spe-
cifically identified around the sequence 766—840 (Shrock
et al. 2020). Antibodies targeting the epitopes in the RBD
and inhibiting the binding of S protein to ACE2 receptor
have potent neutralizing activity, being thus the focus in the
development of therapeutic interventions for COVID-19
(Henderson 2020), including the currently used vaccines that
incorporate S protein to elicit humoral immunity (Castells
and Phillips 2020).

Although it is well recognized that COVID-19 vaccines
can induce a SARS-CoV-2-specific T cell response similar
with that yielded by the natural infection, several experi-
mental data now indicate that many T cell targets of SARS-
CoV-2 exist besides those identified in S protein (Grifoni
et al. 2020a; Chi et al. 2020). The observation that antibod-
ies isolated from recovered SARS-CoV-2 patients displayed
neutralizing activity without inhibiting the virus binding at
its receptor supported the view that other mechanisms of
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neutralization of SARS-CoV-2 could exist besides those
involving the immunodominant targets of S protein (Chi
et al. 2020). For this reason, it has been proposed that other
structural protein antigens, mostly N protein, should be
included in candidate vaccines to better mimic the humoral
response elicited in COVID-19 patients (Grifoni et al. 2020a;
Chi et al. 2020). This highlights the need for any therapeu-
tic or preventive intervention against COVID-19 to induce
a stable and broad immune response aimed at preventing
resistance mutations of the virus often linked to the use of a
single therapeutic agent (Chi et al. 2020).

The population studies conducted so far to investigate
the factors that might affect the susceptibility to and the
clinical course of SARS-CoV-2 infection showed that the
Bacillus Calmette-Guérin (BCG) vaccination, besides
having a well-known protective effect against tuberculo-
sis, could also confer significant protection against CoV-2
infection by reducing the spreading and severity of the dis-
ease (Curtis et al. 2020; Gupta 2020; Escobar et al. 2020;
Berg et al. 2020; Ytbarek et al. 2020; Rivas et al. 2021).
It is widely accepted that the protective effects that BCG
vaccine has against many, apparently unrelated infectious
agents, especially those affecting the respiratory tract, are
due to an antigen-independent B and T cell activation and
to long-term changes in innate immune memory, termed
trained immunity (Curtis et al. 2020; Escobar et al. 2020;
O’Neill and Netea 2020; Sidi 2020). Moreover, efficacy of
BCG vaccination on trained immunity is reported to last
even for years (Escobar et al. 2020; Rivas et al. 2021). The
possibility that BCG vaccine could also induce an adaptive
immune response has not been investigated thoroughly so
far, and only limited information exists suggesting a rela-
tionship between BCG vaccination and generation of T cells
cross-reacting with SARS-CoV-2 (Tomita et al. 2020).

However, to prove that the protective immunity induced
by BCG against SARS-CoV-2 recognizes an antigen-
dependent mechanism, it is necessary to establish which
protein, among those identified in the Mycobacterium bovis,
possesses a higher immunogenic potential. Previous studies
performed to isolate and characterize protein antigens from
Mycobacterium bovis BCG had identified the 65-kDa HSP
as the main antigen, common to a variety of mycobacterial
species, including the Mycobacterium tuberculosis (Thole
et al. 1985). HSP65 is considered the major immunogenic
component of Mycobacterium bovis BCG, responsible for
inducing a potent, antigen-specific CD4" and CD8* T cell
activation (Ottenhoff et al. 1988). It is known that besides
the role displayed in the intra-cellular, physiological setting,
HSPs become potent inducers of both innate and antigen-
specific immunity when liberated in the extra-cellular envi-
ronment (Wallin et al. 2002; Segal et al. 2006). Moreover,
molecular mimicry has been postulated to occur between
some SARS-CoV-2 proteins and human HSPs that might
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account for specific adverse effects of SARS-CoV-2 in the
vascular bed (Marino Gammazza et al. 2020).

These considerations prompted us to hypothesize that
cross-immunity of BCG vaccine with SARS-CoV-2 might
occur due to crucial similarity between the sequence of
HSP65 and those of viral proteins, in particular S and N
proteins. More specifically, if sequence similarity involved
sequences of the viral proteins identified as those with high
immunogenic potential, then, stimulation of the immune
system by BCG vaccine might induce the production of
antibodies also able to recognize and bind these immuno-
genic sequences, thus contributing to the immune protec-
tion against the virus. As a preliminary approach to address
this question, we performed a thorough in silico analysis of
sequence similarity between HSP65 of Mycobacterium bovis
and both S and N proteins of SARS-CoV-2. We also tested
whether, based on sequence similarity with the B and T cell
epitopes identified in S and N proteins, the predicted immu-
nodominant B and T cell epitopes of HSP65 could support
an antigen-dependent mechanism in the immune response
of BCG vaccine.

Materials and methods
Protein sequence analysis

Protein sequences of HSP65 (65 kDa antigen, CH602_
MYCBO, accession number POA521), S protein CoV-2
(SPIKE_SARS?2; PODTC2), and N protein CoV-2 (NCAP_
SARS2; PODTC9) were retrieved from UniProtKB/Swiss-
Prot (http://www.uniprot.org). Sequence similarities were
analyzed in pair-wise alignment using two progressive
alignment programs: T-Coffee (three-based consistency
objective function for alignment evaluation package) pack-
age that combines different sequence-alignment programs
(Notredame et al. 2000) and the Clustal Omega program
(UniProtKB). The two programs use different algorithms in
the sequence alignment so that different similar sequences
can be detected in the same protein. Thus, both methods
were used to detect as many similar sequences as possible.
Only the sequences of at least eight consecutive amino acid
residues without any gap and with the highest consistency
score were considered and recorded.

Prediction of the B and T cell epitopes

Immune Epitope Database (IEDB Analysis Resource, http//
tools.iedb.org/main/) was used to predict immune epitopes
in HSP65 and CoV-2 S and N proteins. B cell epitopes were
predicted by means of Bepipred Linear Epitope Predic-
tion 2.0 tool (http://tools.iedb.org/beell/) whereas peptide
binding to MHC class II molecules (CD4* T cell predicted


http://www.uniprot.org
http://tools.iedb.org/bcell/

Sequence similarity of HSP65 of Mycobacterium bovis BCG with SARS-CoV-2 spike and nuclear...

39

epitopes) was investigated using a tool that combines differ-
ent methods (IEDB recommended 2.22 in http://tools.iedb.
org/mhcii/) (Wang et al. 2008). The 7-allele method was
chosen for identifying top immunodominant peptides. The
method makes prediction based on the median consensus
percentile ranks for the seven most represented DR alleles.

Results

High degree of sequence similarity between HSP65
and SARS-CoV-2 spike protein

Results of the pair-wise alignment of HSP65 with CoV-2
S revealed an impressive degree of similarity between the
two proteins that shared 468 similar amino acid residues
(87% of the HSP65 sequence) and 149 identical residues
(Fig. 1A). Interestingly, the sequences of CoV-2 S identified
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as similar with T-Coffee did not overlap those found with
Clustal Omega. Since both methods detected an extensive
sequence similarity in HSP65, the different procedures of
alignment allowed us to discover that almost the entire
HSP65 sequence was covered by a great number of similar,
distinct sequences of CoV-2 S (Fig. 1A). In particular, the
first 320 residues of HSP65 showed an almost uninterrupted
similarity with sequences of CoV-2 S that also encompassed
immunodominant epitopes, such as the regions 404-588
(receptor binding domain), 617-672, 766-835, and 813-868
(Shrock et al. 2020; Morgenlander et al. 2021) (Fig. 1B). The
two separate methods of alignment also revealed the high
degree of similarity displayed by single sequences of CoV-2
S with separate sequences of HSP65, as well as the cross-
similarity of separate sequences of CoV-2 S with single
sequences of HSP65. Thus, the 405-588 long sequence of
CoV-2 S, containing epitopes of the RBD, showed similarity
to both the sequence 101-176 and three separate sequences
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Fig.1 Sequence similarity between HSP65 of Mycobacterium bovis
BCG and the spike (S) protein of SARS-CoV-2. Pair-wise alignment
of the protein sequences was performed as specified in “Materials and
methods.” A All the sequences of S protein (CoV-2 S) with similar-
ity to HSP65, detected with both T-Coffee (upper line) and Clustal
Omega (lower line), are reported below the corresponding sequences
of HSP65 showing the amino acid residues (one-letter code) and
sequence numbering (starting from the amino terminus of each pro-
tein). In red are the identical residues in both HSP65 and CoV-2 S.

B The same sequences, as in A, are presented in graphical form to
visualize the portions of CoV-2 S with similarity to HSP65. In red
are the sequences identified experimentally as epitopes of CoV-2 S
(see “Results”). One-letter code abbreviations for amino acid residues
are the following: A, alanine; C, cysteine; D, aspartic acid; E, glu-
tamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine;
K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q,
glutamine; R, arginine; S, serine; T, threonine; V, valine; W, trypto-
phan; Y, tyrosine
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located in the first 74 residues of HSP65 (Fig. 1B). The
sequences encompassing the CoV-2 S 766840, identified
as a region of high density of distinct epitopes (Shrock et al.
2020) and containing two epitope clusters near the resi-
dues 770 and 815, displayed similarity with the sequences
171-218 and 255-290 of HSP65 (Fig. 1A). The CoV-2 S
sequence 813-868 identified as a target of COVID-19 con-
valescent plasma (Morgenlander et al. 2021) was similar to
two distinct regions of HSP65 comprising residues 219-239
and 296-315 (Fig. 1A). Likewise, the immunodominant
region 405-586 of CoV-2 S with similarity to sequences
1-74 and 101-177 of HSP65 also displayed similarity to
distinct sequences located in the first 206 residues of CoV-2
S, as well as with the CoV-2 S sequences 629-659, 682-701,
725-737, and 769-778 (Fig. 1B). CoV-2 S 629-659 is
within the 617-672 region identified as the epitope targeted
by antibodies of COVID-19 convalescent plasma (Morgen-
lander et al. 2021). The result that individual sequences of
HSP65 showed strong cross-similarity with separate regions
of CoV-2 S, regardless of whether these comprise immu-
nodominant epitopes, would imply that immune responses
against these HSP65 regions might also target CoV-2 S
sequences outside those known as main targets of neutral-
izing antibodies.

Although fewer Cov-2 S sequences showed similarity
to the last 200 residues of HSP65, these sequences never-
theless regarded the CoV-2 S region between residues 967
and 1270 (Fig. 1 A) comprising the epitopes 1121-1176 and
1149-1204 targeted by plasma of COVID-19 patients (Mor-
genlander et al. 2021) (Fig. 1B).

Crucial sequence similarity between HSP65
and SARS-CoV-2 nuclear protein

In the alignment of HSP65 with CoV-2 N, a smaller num-
ber of sequences and amino acid residues (186, of which
46 identical) were detected in HSP65 with similarity to
CoV-2 N. It was also observed that similarity was unevenly
distributed along the sequence of both proteins, with many
long gaps between one and the other similar sequence
(Fig. 2A). However, at variance with what noted with
CoV-2 S, the most part of the sequences of CoV-2 N with
similarity to HSP65 were identified by both T-Coffee and
Clustal Omega (Fig. 2A, underlined sequences), a finding
that underscores the relevance of this similarity. Moreover,
nine out of the eleven CoV-2 N sequences with similar-
ity to HSP65 were also recognized as those encompassing
the epitopes 25-56, 85-140, 151-175, 169-224, 225-280,
337-392, and 363-420 (Shrock et al. 2020; Morgenlander
et al. 2021) (Fig. 2B).

Identification of HSP65 sequences as potential B
and T cell epitopes

To validate the hypothesis that the significant sequence simi-
larity between the two CoV-2 proteins and HSP65 could
support cross-immunity, the investigation was performed
to verify which and how many of the similar sequences
found in HSP65 might contain B and T cell epitopes over-
lapping those predicted to occur in both CoV-2 S and N
(Grifoni et al. 2020b). Twenty-eight peptides were identi-
fied in HSP65 as B cell epitopes, and seventeen of these
showed the highest score of similarity with sequences of
both CoV-2 S and N already reported to be B cell epitopes
(Grifoni et al. 2020b) (Fig. 3A, boxed sequences). For some
of these HSP65 epitopes, the similarity was confirmed with
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Fig.2 Sequence similarity between HSP65 of Mycobacterium bovis
BCG and nucleoprotein (N) of SARS-CoV-2. The pair-wise align-
ment of HSP65 with nucleoprotein (Cov-2 N) was performed as spec-
ified in “Materials and methods.” A All the sequences of Cov-2 N
with similarity to HSP65, detected with both T-Coffee (upper line)
and Clustal Omega (lower line), are reported below the correspond-
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ing sequences of HSP65, as in Fig. 1. Underlined are the sequences
of CoV-2 N identified with both methods as similar with HSP65.
In red are the amino acid residues common to both proteins. B The
same sequences, as in A, are presented in graphical form to visual-
ize the portions of CoV-2 N with similarity to HSP65. In red are the
sequences identified experimentally as epitopes of CoV-2 N
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Fig.3 Predicted B and T cell epitopes of HSP65 with similar-
ity to epitopes of both CoV-2 S and CoV-2 N. A B cell epitopes of
HSP65, CoV-2 S, and CoV-2 N were found using Bepipred Lin-
ear Epitope Prediction 2.0 tool in IEDB Analysis Resource (http://
tools.iedb.org/main). Only the sequences of HSP65, CoV-2 S, and
CoV-2 N are shown that entirely or partially (in this case, the entire
sequence is indicated below, in parenthesis) contain the predicted B
cell epitopes (boxed sequences). These sequences are among those
identified as similar in the protein alignments (Figs. 1 and 2). Under-
lined sequences correspond to the epitopes of CoV-2 S and CoV-2 N

the sequences of CoV-2 S and N identified experimentally
as targets of neutralizing antibodies (Fig. 3A, underlined
sequences). Single residues identified as B cell epitopes in
HSP65 were E124 and E128, T188, and 1198. E124 and
T188 of HSP65 are identical, respectively, to E654 and T791
in CoV-2 S (Fig. 1A) and both these residues are comprised
in sequences referred as epitopes. The sequence 482—485
(YEDL) in HSP65, with similarity to two separate sequences
in CoV-2 S (1206-1209 and 1110-1113) (Fig. 1A), is also a
predicted B cell epitope.

Although numerous peptides of HSP65 were identified
as potential CD4* T cell epitopes for having a median con-
sensus percentile rank <20 (data not shown), only the top-
ranking peptides with the lowest percentile rank (<4.0), i.e.,
highest binding affinity to HLA-DR alleles (IC5, <500 nM),
were chosen for further analysis (Fig. 3B, left side).

determined experimentally (Figs. 1 and 2, red lines in B panels). B
Predicted immunodominant epitopes of HSP65 with the best bind-
ing affinity to a restricted panel of HLA class II molecules (the seven
more represented in the general population). The HSP65 top peptides
were screened for similarity with the panel of the predicted CD4*
epitopes in both CoV-2 S and CoV-2 N and those found similar are
shown as boxed sequences together with the HLA-DR alleles for
which each predicted epitope displays the best binding affinity (values
of median percentile rank indicated below the HLA alleles)

Overlapping peptides in the HSP65 sequence 213-231
displayed high binding affinity to two HLA-DR alleles,
whereas binding to one single allele was noted for the other
epitopes. Among the best immunodominant epitopes, four
turned out to display significant similarity to two sequences
of both CoV-2 S and CoV-2 N (Fig. 1A) predicted to be
CD4* epitopes with high affinity to five HLA-DR alleles
(Fig. 3B, right side). A higher binding affinity was displayed
by the predicted epitopes of HSP65, compared with similar
epitopes of both CoV-2 S and CoV-2 N, to the HLA alleles
DRB3*01:01, DRB1*15:01, DRB4*01:01, DRB1*03:01,
and DRB3*02:02. Three epitope sequences of HSP65 cor-
responded to those already identified in the pair-wise align-
ments (Figs. 1 and 2) as similar with the sequences of CoV-2
S (787-802) and CoV-2 N (81-95 and 218-232) indicated
as target of neutralizing antibodies.
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Discussion

The results of several epidemiological studies have dem-
onstrated a consistent association between BCG vaccina-
tion and protection from severe COVID-19, a reason for
which efficacy of BCG vaccination against SARS-CoV-2
is currently being tested in many controlled clinical trials
(O’Neill and Netea 2020). Ample epidemiological evi-
dence also exists to show that BCG vaccination is safe
and has broad protective effects against a range of various
respiratory infections, not only in children but also in the
elderly (Giamarellos-Bourboulis et al. 2020). The mecha-
nism underlying the numerous and non-specific protective
effects of BCG vaccine has been the subject of an intense
debate. It has been observed that the molecular similarity
between BCG and viral antigens could not explain so many
diverse effects, and the largely accepted interpretation
nowadays is that BCG vaccine can enhance an antigen-
independent innate immunity (Curtis et al. 2020; Gupta
2020; O’Neill and Netea 2020). However, the possibility
that an antigen-driven activation of the adaptive immune
response is responsible for the complex and long-lived
protection of BCG vaccine should also be considered on
the grounds that HSP65 is recognized as the main antigen
among all the proteins of Mycobacterium bovis.

In this work, we tested whether sequence similarity
between HSP65 and both CoV-2 S and CoV-2 N could
support an antigen-dependent mechanism in the immune
protection elicited by BCG vaccine against SARS-CoV-2.
The in silico analysis revealed a striking similarity
between HSP65 and CoV-2 S such that almost the entire
sequence of HSP65 was recognized by multiple and dis-
tinct regions of CoV-2 S including those comprising all the
immunodominant epitopes identified so far (Shrock et al.
2020; Morgenlander et al. 2021) (Fig. 1). The application
of two methods that use different alignment procedures to
find sequence similarity allowed us to discover that many
CoV-2 S sequences with similarity to separate regions of
HSP65 also showed cross-similarity with other distant
sequences of CoV-2 S (Fig. 1B). The cross-similarity
shared by both epitope and non-epitope regions of CoV-2
S with the same HSP65 sequences would support the view
that the humoral response against HSP65 might also be
extended to a broad range of different, non-epitope regions
of CoV-2 S. In addition, the significant sequence simi-
larity displayed by HSP65 with CoV-2 N, that regarded
sequences for the most part identified as epitopes (Fig. 2),
and, importantly, was detected by both the alignment
methods, would suggest that also CoV-2 N could be a tar-
get of a cross-immune reaction induced by HSP65.

The evidence accumulated so far has demonstrated that
many potential T cell targets exist in SARS-CoV-2 other
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than those of CoV-2 S (Kared et al. 2021; Grifoni et al.
2020a; Chi et al 2020), corroborating the idea that future
COVID-19 vaccines should include not only S protein
but other structural and non-structural antigen proteins
to better mimic the natural T cell response observed in
disease (Kared et al. 2021; Grifoni et al. 2020a). To sat-
isfy the requisite of an effective COVID-19 vaccine, BCG
should thus contain epitopes that are targets of B and T
cells. The finding that HSP65 shared with CoV-2 S and
N a number of similar sequences predicted to be B cell
epitopes (Fig. 3A), together with the result that some of
the HSP65 sequences identified as class Il immunodomi-
nant epitopes also shared sequence similarity and high
binding affinity with predicted CD4% epitopes in CoV-2
S and N (Fig. 3B), would further support the possibility
that HSP65 of BCG can induce a specific cross-immune
response to SARS-Cov-2.

Whether BCG can thus be used as an additional effec-
tive vaccine against SARS-CoV-2 cannot be inferred from
the present investigation and only additional experimental
studies, together with data of ongoing clinical trials, can
confirm the validity of this proposal. Our results can never-
theless offer a plausible explanation for the observed ben-
eficial effects of BCG vaccine against SARS-CoV-2 and
help understand how HSP65 of BCG might also induce an
adaptive immunity against different infectious agents. HSPs
display their physiological role as chaperones in the intra-
cellular environment, whereas they become highly immu-
nogenic when expressed extra-cellularly (Wallin et al. 2002;
Segal et al. 2006). One must also consider that a high degree
of homology exists in the phylogenesis among the mem-
bers of the same HSP class, a reason for which HSP65 of
Mycobacterium bovis, besides being the antigen common to
several different mycobacterial species (Thole et al. 1985),
also shows strong similarity with human HSP60. Molecular
mimicry also exists between many HSPs and the proteins of
different bacterial agents (Mayr et al. 1999; Cappello et al.
2009) and human viruses (Bason et al. 2003). Thus, it is
tempting to speculate that the immune response elicited by
the immunogenic sequences of HSP65 of BCG with similar-
ity to sequences of bacterial/viral proteins, other than those
of mycobacteria, might also effectively target the pathogens
responsible for the infections against which BCG vaccina-
tion has proven to be protective.
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