S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Annals of Diagnostic Pathology 48 (2020) 151600

Contents lists available at ScienceDirect

Annals of
DIAGNOSTIC
PATHOLOGY

Annals of Diagnostic Pathology

journal homepage: www.elsevier.com/locate/anndiagpath

Original Contribution

Strong homology between SARS-CoV-2 envelope protein and a R
Mycobacterium sp. antigen allows rapid diagnosis of Mycobacterial infections | %&
and may provide specific anti-SARS-CoV-2 immunity via the BCG vaccine

a,

Gerard Nuovo™*, Esmerina Tili’, David Suster®, Eva Matys®, Lance Hupp”, Cynthia Magrod

2 Discovery Life Sciences, Powell, OH 43065, USA

Y Department of Anesthesiology and Department of Cancer Biology and Genetics, The Ohio State University Medical Center, Columbus, OH 43210, USA
¢ Department of Pathology, Molecular and Cell-based Medicine, Mount Sinai Hospital and Icahn School of Medicine, NY, NY 10029, USA

d Department of Pathology and Laboratory Medicine, NY, NY 10022, USA

ARTICLE INFO ABSTRACT

Keywords: The vaccine BCG has been reported to offer protection against SARS-CoV-2 infection. It has been hypothesized
BCG this is based on nonspecific enhancement of innate immunity. This study addressed whether there is strong

COVID-19 ) homology between a SARS-CoV-2 capsid protein and a Mycobacterium bovis protein that would allow for
Envelope protein stronger, more specific immune protection. The study also showed the utility of immunohistochemistry in the
/S-\EIES Cov-2 diagnostic pathology laboratory for elucidating this information. Immunohistochemistry documented that an

antibody directed against the SARS-CoV-2 envelope, but not the spike or membrane proteins, strongly cross
hybridized to 11/11 Mycobacterial species tested, including M. bovis. BlastP analysis showed high homology of
the SARS-CoV-2 envelope protein with 12 consecutive amino acids of the protein LytR C, which is a consensus
protein unique to Mycobacteria. Six additional cases of human tuberculosis with few organisms showed that the
viral envelope specific antibody (5/6) was more accurate than the AFB stain (2/6) for diagnostic purposes. These
data indicate BCG vaccination induces a specific immunity against SARS CoV-2 that targets the viral envelope
protein that is essential for infectivity. Thus, a concurrent booster or first use of the BCG vaccine may reduce the
severity of the current COVID-19 pandemic. The data also suggests the value of using the SARS-CoV-2 envelope
antibody in the diagnosis of Mycobacterial infections in formalin fixed, paraffin embedded tissues by the di-
agnostic pathologist.

1. Introduction

SARS-CoV-2 is the causative agent of coronavirus disease 2019
(COVID-19) the worst worldwide pandemic since the HIN1 Spanish flu
of 1918 [1]. The pathology of severe COVID-19 is one of a pauci-in-
flammatory complement mediated thrombotic microangiopathy af-
fecting the lung's alveolar septal capillaries and other organs including
the skin, heart, and liver [2].

Many countries mandate Bacillus Calmette-Guerin (BCG) vaccina-
tion, a live attenuated strain of Mycobacterium bovis, to newborns due to
its effectiveness against tuberculosis and leprosy [1,3,4]. It is has been
reported that countries with long-standing mandatory BCG vaccination
have less cases of COVID-19 per capita and a lower death rate compared
to countries such as Italy, Spain, and the United States where BCG
vaccines are rarely given [3]. Hence, BCG vaccination is being touted as
a treatment for reducing the complications of SARS-CoV-2 [1,3-5]. It
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has been assumed that the protective effect of BCG vaccination is due to
an epigenetic enhanced “trained innate immunity” whereby macro-
phages and natural killer cells are primed from the exposure to Myco-
bacterium bovis to eliminate any micro-pathogens [6-9].

Another possibility is that there may be heterologous immunity due
to a protein in SARS CoV-2 that is homologous to a protein in
Mycobacterium bovis. Such heterologous immunity has been docu-
mented between other pathogens, such as adenovirus and hepatitis C
virus [10]. The presence of such immunity between a SARS-CoV-2
capsid protein and a protein of Mycobacterium bovis would allow for a
much stronger and specific immunity against the virus subsequent to
BCG vaccination. Immunohistochemistry is a powerful method well
suited to detect such potential heterologous immunity since it allows
for specific cellular localization of the relevant antibody-antigen com-
plex in the context of the known distribution of the latter, in this case
defined by the AFB stain [11]. Signal intensity between the primary
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Fig. 1. Cross hybridization between the covid-19 envelope protein and a consensus protein of Mycobacteria. An AFB stain shows many intracellular Mycobacterium
bovis bacteria (panel A). A strong signal was seen with the antibody against SARS-CoV-2 envelope protein indicative of strong homology (panel B) whereas no signal
was seen with antibodies specific for the membrane (panel C) or spike proteins (panel D). An equivalent signal was evident after immunohistochemistry with the
SARS-CoV-2 envelope Ab and Mycobacterium avium-intracellulare (panel E) whereas no signal was seen with various gram positive and negative bacteria (panel F).
The SARS-CoV-2 specific antibody based signal (green) strongly co-localized with the AFB stain (red) (panel G, yellow defines co-expression) in a case of
Mycobacterium tuberculosis whereas AFB and the SARS-CoV-2 spike antibody showed no co-expression (panel H). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

antibody and heterologous antigen is related to the degree of homology
and co-localization documents that the primary antibody and antigen
are within an area of 150 nm [11,12].

The diagnosis of Mycobacterium species by the anatomic pathologist
can be problematic because of the relatively few numbers of organisms
in a given sample. There are two main tools available to the anatomic
pathologic to diagnose Mycobacterial infection: the AFB stain and di-
rect fluorescent microscopy using an antibody directed against
Mycobacterial species. A study, using bacterial culture and PCR-based
confirmation of Mycobacterial infection in 55 human samples, found
that the AFB test gave false negative results in 64% of cases and
fluorescent microscopy missed the diagnosis in 20% of cases [13]. Al-
though Mycobacterial infection in patients with AIDS often have many
organisms, it is still clear that better tests are needed by the diagnostic
pathologist to diagnose Mycobacterial infections in either formalin
fixed, paraffin embedded tissues or cytology specimens that can easily
be fixed and processed for immunohistochemistry.

This study documented the strong cross reactivity between a SARS-
CoV-2 protein and a consensus protein of Mycobacteria. The data offers
a more sensitive test to diagnose Mycobacterial infections for the di-
agnostic pathologist and, clearly, indicates the BCG vaccine can offer
immediate, specific immunity that could potentially much reduce the
increasing death rate in the current COVID-19 pandemic.

2. Methods
2.1. Tissue samples

Formalin fixed, paraffin embedded tissues from cases confirmed to
contain Mycobacterial infections were obtained from various sources.
Eleven such cases were identified and were positive for: Mycobacterium
bovis (n = 2), Mycobacterium leprae (n = 2), Mycobacterium avium-in-
tracellulare (n = 3), and Mycobacterium tuberculosis (n = 4). Also stu-
died were six cases of PCR-documented Mycobacterium infection chosen
as they were reported to contain very few microorganisms. All samples
were obtained prior to 2018, and, thus, could not have contained SARS-
CoV-2.

2.2. Immunohistochemistry

Our immunohistochemistry method for the detection of SARS-CoV-2
proteins has been published [2]. The automated Leica Bond Max plat-
form was used with DAB as the chromogen. The optimal conditions
included antigen retrieval for 30 min with the EDTA solution from
Leica, dilutions of 1:4000 (spike Ab), 1:500 (membrane Ab), 1:250
(envelope Ab, each from ProSci, Poway, CA) and the use of the horse-
radish peroxidase conjugate from Enzo Life Sciences in place of the
equivalent product from Leica as this reduced background [11,12]. In
selected cases the chromogen Fast Red (with the alkaline phosphatase
reporter enzyme) was used in place of DAB by using the Leica Fast Red
kit. Positive and negative controls were lung tissues from people who
had died of COVID-19 and normal lung tissue obtained prior to 2018.

2.3. Other testing

The AFB stain was done per a standard protocol [12]. All AFB
testing was done using serial sections to the ones tested for homology
with the different SARS-CoV-2 antibodies. The BlastP analyses were
done using the EMBL-EBI search and sequence analysis tools [14].

3. Results

3.1. Immunohistochemistry with SARS-CoV-2 capsid antibodies and
Mycobacterial positive samples

First, the question as to whether any of the SARS CoV-2 capsid
antibodies targeting the spike, envelope, and membrane proteins re-
spectively would be able using immunohistochemistry to detect
Mycobacteria in the formalin fixed, paraffin embedded tissues from the
eleven cases that were each strongly AFB positive was addressed. The
testing was done blinded with regards to the specific viral capsid pro-
tein on eleven pre-COVID-19 archival tissue samples of Mycobacterial
infection (four of Mycobacterium tuberculosis, three Mycobacterium
avium-intracellulare, and two each of Mycobacterium bovis plus
Mycobacterium leprae). Acid-fast bacillus (AFB) stains indeed high-
lighted Mycobacterial organisms in each tissue. As seen in Fig. 1, an-
tibodies targeting the SARS-CoV-2 spike or membrane proteins yielded
no signals in the Mycobacterial samples. However, 11/11 (100%) of the
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Fig. 2. BLASTP analysis indicating region of
homology between SARS-CoV-2 envelope pro-
tein and Mycobacterium sp.
A stretch of 12 amino acids (17-29 of
YP_009724392 sequence) of SARS-CoV-2 en-
velope protein (dark red line) has high
homology to LytR C-terminal domain-con-
taining proteins of Mycobacterium taxa and
variants as indicated. Also note the strong
homology among the different species of
Mycobacteria. An identical amino acid residue
between the SARS-CoV-2 envelope and
Mycobacteria is shown with an *, a : marks a
* - residue with strongly similar properties, and a .
) denotes weakly similar properties. Sequence

identities as follows: envelope protein (Sars-

CoV-2) - YP_009724392; 1-WP_003873789; 2-WP_156147206; 3-YP_009357768 variant bovis AF2122/97; 4-CAL70455 M.tub. variant bovis BCG strain Pasteur
1173P2; 5-AHMO06124, M.tub. variant bovis BCG strain ATCC 35743; 6-WP_003898448 M.tub. H37Rv tuberculin-like peptide; 7-WP_031685486; 8-AYP10944.
Alignment was done using CLUSTAL O (1.2.4) multiple sequence alignment at EMBL-EBI [12]. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Mycobacterium cases showed strong immunoreactivity with SARS CoV-2
specific envelope antibody with a similar distribution and staining in-
tensity as the AFB stain, indicative of strong homology. No signal was
evident between the SARS-CoV-2 envelope antibody and bacteria in-
cluding Escherichia coli, Bacillus cereus, Streptococcus faecalis, and Lac-
tobacillus species (Fig. 1). Using a published protocol [2,12], co-locali-
zation experiments documented that the SARS-CoV-2 envelope protein
and AFB signals co-expressed (Fig. 1).

BlastP analyses documented that SARS-CoV-2 envelope protein
from the region used to generate the antibody shares high homology
with a stretch of 12 amino acids present in Mycobacterium bovis, called
tuberculin-like proteins, also known as the LytRC-terminal domain-
containing protein (Fig. 2). Mycobacterial LytRC proteins are highly
conserved in different Mycobacterium species (Fig. 2). This LytRC do-
main is rarely found in gram positive or negative bacteria [15] and does
not show homology with other non-Mycobacterial species (data not
shown). The AFB stain, specific for the mycolic acid-rich Mycobacterial
cell wall, gave no signal with SARS-CoV-2 cases (data not shown).

3.2. Direct comparison of the AFB test and immunohistochemistry using the
SARS-CoV-2 envelope specific antibody for detection of Mycobacteria in
formalin fixed, paraffin embedded tissues

The initial eleven Mycobacteria positive cases had many
Mycobacterium in a given case. Fig. 3 shows serial section analyses of
one of the Mycobacterium avium-intracellulare cases tested after AFB
staining (panel A) and immunohistochemistry for the viral envelope
protein (panel B). Note the typical slender pink/red rods with the AFB
stain. In comparison, using DAB as the chromogen, the SARS-CoV-2
envelope protein produces an intense punctate brown signal (panel B),
suggesting that the homologous protein is compartmentalized. Panels C
and D are also serial sections photographed at the same area in which
the chromogen Fast Red is used for the immunohistochemistry; hence
each signal is red. Note that the signal intensity is stronger with the
viral envelope-specific antibody compared to the AFB test.

To do a more stringent test of the sensitivity of each test, six for-
malin fixed, paraffin embedded tissues from different cases of con-
firmed Mycobacterium tuberculosis infection, but where the AFB test was
“negative” or “equivocal” were re-tested with each assay. The AFB test
was positive in 2/6 cases. In comparison, the immunohistochemistry
test using the viral envelope specific antibody was positive in 5/6 cases;
the one negative case was mostly necrotic. Representative images are
shown in Fig. 3.

4. Discussion

The main findings of this study to the diagnostic pathologist are
threefold: 1) immunohistochemistry is a highly effective tool to de-
monstrate strong homology between epitopes on two disparate pro-
teins, in this case the SARS-CoV-2 envelope protein and the protein
LytR C, which is a consensus protein unique to Mycobacteria. The an-
tibodies used routinely in the diagnostic laboratory commonly re-
cognize an epitope from 5 to 6 amino acids in length [12]. In this case,
there was indeed a 5 amino acid sequence that was identical in each of
the Mycobacterium species tested protein LytR C and the region of the
SARS-CoV-2 envelope protein used to generate the antibody. 2) It is
well known that the AFB test has relatively poor sensitivity for the di-
agnostic pathologist, especially in cytology specimens or in formalin
fixed, paraffin embedded tissues. It was shown that the im-
munohistochemistry using the antibody directed against the viral en-
velope was more sensitive for the diagnosis of Mycobacterial infections
than the AFB test. Also, the AFB stain does not show the tissue mor-
phology well and tends to show background in plasma cells; im-
munohistochemistry shows tissue morphology well and background
with this test was minimal. 3) The pathology laboratory setting up a
diagnostic test for SARS-CoV-2 can use immunohistochemistry and an
antibody directed against the envelope protein with formalin fixed,
paraffin embedded tissues from Mycobacterial infections as the positive
control. This will greatly shorten the time to optimize the assay since
COVID-19 autopsy material is often difficult to obtain and the viral
protein distribution is very heterogeneous [2].

Despite these three important points for the diagnostic pathologist,
clearly the most significant finding in this study is that the BCG vaccine,
derived from Mycobacterium bovis, should indeed be effective against
the current COVID-19 pandemic. SARS-CoV-2 has four major structural
proteins: the spike, nucleocapsid, membrane and envelope proteins.
The envelope protein is integral to the pathogenicity of the virus [1-3].
The data in this paper strongly suggests that BCG vaccination induces a
specific immunity directed against the SARS-CoV-2 envelope protein
that, in turn, is integral to the pathogenicity of the virus. Repeat BCG
vaccination to those who have already received it, typically in child-
hood, can within several days reactivate the immune system memory
directed against the Mycobacterial antigens that would include the
heterologous immunity against the SARS-CoV-2 envelope protein [16].
Large numbers of new COVID-19 cases are still being reported daily.
Thus, prospective trials examining whether there is an inverse corre-
lation between a concurrent booster BCG vaccine in countries where
this vaccine is mandatory at birth, as well as concurrent BCG vaccina-
tion to those who never have had the vaccine, and the incidence/se-
verity of SARS-CoV-2 disease may well underscore the specific value of



G. Nuovo, et al.

B e e TR ARE e

vaccination against Mycobacterium bovis to reducing the severity of the
current pandemic.

In sum, BCG vaccination is being touted as a treatment for reducing
the complications of SARS-CoV-2 [1,3-5]. The main clinical finding of
this study is that BCG vaccination offers a specific heterologous im-
munity against infection by SARS-CoV-2 by inducing an adaptive im-
munity response against a protein essential to the virus's infectivity.
This allows one to predict that BCG vaccination boosters should induce
a strong anti-viral protection specifically against the disease COVID-19.
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Fig. 3. Direct comparison of the AFB
test and immunohistochemistry di-
rected against the envelope protein of
SARS-CoV-2 for the detection of
Mycobacterial infections. Panels A/B
are serial sections of a case of
Mycobacterium avium-intracellulare
tested by AFB (panel A) and by im-
munohistochemistry against the SARS-
CoV-2 envelope protein (panel B,
DAB). Note the similar intracellular
distribution. Similarly, panels C/D are
serial sections using these two different
assays, but where the chromogen for
the immunohistochemistry is Fast Red.
Note the stronger signal intensity for
the immunohistochemistry test (panel
D). Panels E/F are serial sections of a
case of documented tuberculosis where
bacteria were not evident with the AFB
test (panel E) but were noted with the
immunohistochemistry test against the
SARS-CoV-2 envelope protein (panel F,
circle), using the Fast Red chromogen.
(For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this ar-
ticle.)
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