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ABSTRACT

Introduction: The coronavirus disease 2019 (COVID-19) pandemic continues to spread worldwide and
vaccination remains the most effective approach to control COVID-19. Currently, at least ten COVID-19
vaccines have been authorized under emergency authorization. However, these vaccines still face many
challenges.

Areas covered: This study reviews the concept and mechanisms of trained immunity induced by the
Bacille Calmette Guérin (BCG) vaccine and identifies questions that should be answered before the BCG
vaccine could be used to combat COVID-19 pandemic. Moreover, we present for the first time the
details of current BCG vaccine clinical trials, which are underway in various countries, to assess its
effectiveness in combating the COVID-19 pandemic. Finally, we discuss the challenges of COVID-19
vaccines and opportunities for the BCG vaccine. The literature was found by searching the PubMed
(https://pubmed.ncbi.nim.nih.gov/), Web of Science (www.webofknowledge.com), Embase (https://
www.embase.com), and CNKI (https://www.cnki.net/) databases. The date was set as the default para-
meter for each database.

Expert opinion: The advantages of the BCG vaccine can compensate for the shortcomings of other
COVID-19 vaccines. If the efficacy of the BCG vaccine against COVID-19 is confirmed by these clinical
trials, the BCG vaccine may be essential to resolve the challenges faced by COVID-19 vaccines.
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1. Introduction controlling the COVID-19 pandemic, they must be able to gen-
erate specific neutralizing antibodies, as well as reasonably long-

The coronavirus disease 2019 (COVID-19) pandemic caused by lasting immunity

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV
-2) has had serious consequences on global public health, as well
as the global economy. Thus, there is an urgent need to control
the pandemic, which can only be achieved through the genera-
tion of an immune defense shield to protect the population from
COVID-19. Presently, although many vaccine manufacturers are
producing COVID-19 vaccines at full capacity, they are far from
meeting the global demand for COVID-19 vaccines. Therefore,
achieving herd immunity remains an issue, and thus, SARS-CoV-2
continues to spread worldwide. More notably, the emergence of
SARS-CoV-2 variants may destroy the current achievements of
COVID-19 vaccine research and development. Furthermore, the
race to develop safe and effective treatment methods has seen
vaccine candidates against COVID-19 being developed at
a larger scale and a rapid pace. Currently, there are more than
200 potential vaccines in various developmental stages [1-3].
These vaccine candidates use various strategies that include
novel approaches to prove that these vaccines are safe and
immunogenic in humans. However, in order to be effective in

1.1. Concerns regarding COVID-19 vaccines

A previous study has shown that specific antibodies induced
by vaccination may aggravate clinical symptoms, which is
known as antibody-dependent enhancement (ADE) [4]. It has
been reported that ADE is involved in clinical observations of
increased severity of symptoms associated with early high
levels of SARS-CoV-2 antibodies in patients [5]. In the past, in
order to develop effective vaccines against coronavirus dis-
eases, some vaccine candidates, although useful in producing
protective antibodies, led to more severe disease after subse-
quent inoculation with the virus [6]. Interestingly, vaccines
never generate immunity in all vaccinated people due to
several complicated factors, ranging from genetic and immu-
nological factors to the quality of the vaccines themselves and
how they are administered [7]. Moreover, even if it is assumed
that the vaccine will effectively induce immunity in
a vaccinated population, the time frame of vaccine-induced
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Article highlights

e At least ten COVID-19 vaccines have been authorized under an
emergency use authorization (EUA) to prevent COVID-19 in more
than 40 countries.

o These vaccines still face many challenges, such as the emergence of
variant strains, public hesitation, poor cold chain logistics, and low
production capacity.

o It is hypothesized that the BCG vaccine may stimulate a non-specific
protective effect against COVID-19.

e The BCG vaccine has several advantages, including safety, accessibil-
ity, affordability, production capacity, transportation, storage, and
distribution.

e To confirm this hypothesis, more than 51 clinical trials investigating
the effectiveness of the BCG vaccine against COVID-19 have been
conducted in various countries.

o Once this hypothesis is confirmed, the BCG vaccine may help solve
the problems faced by the approved COVID-19 vaccines.

protection is questionable [8]. Thus, in the current scenario, it
is difficult to assess the long-term effectiveness of COVID-19
vaccines. As such, the persistence of anti-COVID-19 antibodies
post-vaccination needs to be closely monitored, which is
a time-consuming process. More importantly, safety and effi-
cacy are significantly dependent on the vaccine type, technol-
ogy or platform used, and immunization strategies. Therefore,
although the virulence and pathogenicity of live attenuated
vaccines have significantly reduced [9], there is a possibility
that they may become pathogenic over time due to muta-
tions [10].

Currently, at least 10 vaccines have been authorized under
an emergency use authorization (EUA) for the prevention of
COVID-19 in over 40 countries, including the Moderna mRNA-
1273 vaccine (United States) [11,12], Pfizer-BioNTech’s
BNT162b2 vaccine (United States & Germany) [13], Sinovac
vaccine (China) [14], Sinopharm’s two COVID-19 vaccines
(China) [15,16], CanSino’ Ad5-nCoV vaccine (China) [17],
Sputnik V vaccine (Russia) [18], EpiVacCorona vaccine (Russia)
[19], AstraZeneca's ChAdOx1 nCoV-19 (England) [20], and
Janssen’s Ad26.COV2.S (United States) [21]. Although COVID-
19 specific vaccines have been approved for use in priority
populations, it is still too early to confidently say that humans
have won this battle as we still face the following questions: 1)
The supply of these vaccines cannot meet the needs of the
global population and many low- and middle-income coun-
tries (LMICs), especially the least developed countries (LDCs),
cannot obtain enough vaccines [22]; 2) How long does the
vaccine-induced protection last? This question needs more
time in order to provide accurate answers; 3) The variants
found in the United Kingdom (B.1.1.7 variant) and South
Africa (501Y.V2 variant) have the potential to escape the
immune response induced by the vaccines [23,24], as such,
will they weaken the effectiveness of the vaccine? 4) Due to
the unprecedented acceleration of clinical trials, the possible
long-term side effects of these vaccines have not been fully
elucidated.

1.2. The BCG vaccine: a magic bullet against COVID-19?

Thus far, multiple drugs and drug combinations have been
used for the treatment of COVID-19 but none have been
approved for large-scale clinical practice [25,26]. Due to the
lack of approved treatment methods, prevention of further
spreading of COVID-19 is of utmost importance. Interestingly,
currently available vaccines, such as the Bacille Calmette-
Guérin (BCG) vaccine, oral polio vaccine (OPV), and measles
or MMR vaccines have been suggested to be effective against
COVID-19 until effective COVID-19 specific vaccines are widely
administered [27-29]. Several epidemiological studies and
a recent BCG vaccination study in healthcare workers (HCWs)
have shown that the BCG vaccine can indeed reduce the
severity of the disease [30].

The BCG vaccine is a live attenuated vaccine that has been
used for more than 100 years as a prophylactic agent against
tuberculosis (TB). The BCG vaccine is in the essential list of the
World Health Organization (WHO) and is used in childhood
immunization programs in many countries. Currently, there is
no direct evidence to support the use of the BCG vaccine for
the prevention of coronavirus infections [31]. However, the
available data show that the BCG vaccine provides nonspecific
protection against lethal infections that are not related to the
vaccine’s target pathogen by inducing trained nonspecific
innate immune cells to improve host responses against sub-
sequent infections [28,32,33]. Although induction of trained
immunity (TI) by BCG vaccination leads to beneficial hetero-
logous effects, the mechanisms underlying its persistence and
magnitude remain unknown. Indeed, there is a need for clin-
ical studies investigating the efficacy of the BCG vaccine in
vulnerable populations who have a higher risk of being
infected by COVID-19, such as HCWs, to gain insights into
the underlying mechanism of heterologous effects of the
BCG vaccine and confirm this hypothesis.

According to the WHO report, many LMICs, especially LDCs,
recommend BCG vaccination nationally [31]. However, the
international health regulation (IHR) scores of these countries
are generally low (Figure 1 and Table S1), putting these coun-
tries at risk of the COVID-19 pandemic. If the effectiveness of
the BCG vaccine is proven through clinical trials, immunization
with BCG can not only protect individuals from COVID-19 but
also induce heterologous herd immunity, if provided to
enough people promptly to provide even partial protection
[34]. Thus, BCG vaccination may be an excellent supplemen-
tary way to curtail the spread of SARS-CoV-2 and reduce
global morbidity and mortality, as proposed in our previous
study [22].

Thus, this study will review the concept and mechanisms of
Tl and present detailed information regarding the ongoing
BCG vaccine clinical trials against COVID-19. Moreover, the
results of this study will provide evidence for evaluating the
role of the BCG vaccine in reducing the impact of the COVID-
19 pandemic. Finally, we will discuss the challenges of cur-
rently available COVID-19 vaccines and the opportunities and
advantages of the BCG vaccine.
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Figure 1. International health regulation scores.

The data were obtained from State Parties Self-Assessment Annual Reporting on implementing the International Health Regulations released by WHO. The detailed information on IHR
scores among countries can be found in Table S1. Available online: https://extranet.who.int/e-spar (updated on 9 March 2020).

2. Trained immunity induced by BCG vaccination
2.1. The concept of trained immunity

The concept of Tl, which was developed in recent decades,
describes the nonspecific and long-term immune memory
acquired by innate immune cells after encountering
a primary stimulus (pathogen or vaccination), which could
mount a heightened inflammatory response, including upre-
gulated production of pro-inflammatory cytokines or
enhanced myelopoiesis to a second infection with the same
pathogens or different ones [35]. A variety of stimuli, including
B-glucan (a fungal cell wall component), lipopolysaccharide
(LPS), and BCG, can trigger T, the most studied of which is
the BCG vaccine. Several epidemiological studies and rando-
mized controlled trials have reported that BCG vaccination can
protect against pathogens unrelated to Mycobacterium tuber-
culosis [36,37]. More importantly, controlled experimental stu-
dies in humans have provided direct evidence for the
protective efficacy of BCG vaccination against clinically rele-
vant pathogens, such as those causing yellow fever and
malaria [37-39]. Thus, it has been hypothesized that these

BCG-induced nonspecific beneficial effects are partly mediated
by Tl induction.

2.2. Mechanisms responsible for the induction and
sustained memory of trained immunity

Thus far, the mechanisms responsible for BCG-induced Tl are
only partially understood and multiple regulatory layers are
thought to be involved in this process (Figure 2). Myeloid cell
populations were identified as the primary cellular basis med-
iating BCG-induced Tl [40]. Mature myeloid cells, including
monocytes and macrophages, have been shown to be the
key players involved in BCG-induced TI that leads to protec-
tion against unrelated pathogens [38,41,42]. An initial chal-
lenge of monocytes by BCG during infection leads to more
open chromatin architecture, along with an increase in tran-
scriptionally active histone modifications, such as histone H3
acetylation at lysine 27 (H3K27ac) and histone H3 trimethyla-
tion at lysine 4 (H3K4m3), and a decrease in transcriptionally
repressive histone modifications, such as histone H3 trimethy-
lation at lysine 9 (H3K9m3) and at promoters or enhancers of
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Figure 2. Mechanisms responsible for BCG - induced trained immunity.
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BCG or its triggered cytokines reprogram the epigenetics and metabolism of monocytes/macrophages, and some of these changes are partially retained after cessation of the stimulus,
inducing a trained state. The trained monocytes/macrophages heightened innate immune responses to a second stimulation unrelated to M. tuberculosis, mediated by faster and enhanced
metabolic and epigenetic rewiring. In addition, BCG-vaccination induces the hematopoietic stem/progenitor cells to undergo epigenetic changes or increased DNA accessibility of certain
genes, leading to enhanced myelopoiesis. Some of these epigenetic changes with HSPCs are conserved in their differentiated progeny, i.e. monocytes. These modulations of HSPCs by BCG

ultimately mediate the long-term innate immune memory.

IL-1B, TNFa, and IL-6 [38,41-43]. These dynamic epigenetic
changes are also observed in genes that regulate metabolism-
related signaling pathways, such as PI3K/AKT/mTOR, which
promote cellular metabolism toward glycolysis, leading to
high glucose consumption and lactate production [38,42,44].

During glycolysis, some of the generated metabolic inter-
mediates could act as epigenetic modifiers, contributing to
the induction of H3K4m3, H3K9m3, and H3K27ac at the pro-
moters or enhancers of stimulated genes, thereby suggesting
the presence of complex interactions between epigenetic and
metabolic reprogramming in trained monocytes [42]. Some of
these modifications, especially histone 3 lysine 4 methylation,
may be preserved as a latent enhancer after cessation of BCG
exposure, thereby establishing the epigenetic memory in
monocytes and permitting the cells to enter a more respon-
sive state [45]. When encountering subsequent stimuli, this
preserved modification allows the trained monocytes to reac-
quire the increases in H3K27ac and H3K4m3 and decreases in
H3K9m3 in a faster and stronger manner, which is followed by
enhanced production of pro-inflammatory cytokines, such as
IL-1B, TNFaq, IL-6, and metabolic reprogramming toward aero-
bic glycolysis to heighten the Tl phenotype [40].

Mature myeloid cells, such as monocytes and macrophages,
play a central role in BCG-induced TI. These cells have a short
lifespan of just several days, which is inconsistent with the
long-term innate immune memory of Tl shown by trained
monocytes found in circulation, which was shown to last
from three months to one year post-BCG vaccination [41].
This paradox suggests that BCG-induced Tl also occurs at the
level of myeloid progenitors and immature myeloid cells.
Indeed, a recent elaborate study in mice demonstrated that
intravenous BCG vaccination reprograms hematopoietic stem
cells (HSCs) in the bone marrow via IFN-y signaling, thereby
promoting their differentiation into progenitors with restricted

myeloid-lineage potential, which is referred to as enhanced
myelopoiesis [43]. This priming process of myelopoiesis
enables the generation of trained monocytes/macrophages
with enhanced protection against M. tuberculosis infection
[43]. Similarly, another study reported that (-glucan could
also modulate hematopoietic stem and progenitor cells
(HSPCs), induce myelopoiesis via IL-1f signaling, and confer
long-term innate memory to Tl [46]. Most recently, in people
vaccinated with intradermal BCG, a similar myeloid differentia-
tion bias of HSPCs has been observed, which functions by
regulating the DNA accessibility of inflammation-related sites
[47]. Notably, some epigenetic changes within HSPCs are pre-
served in differentiated peripheral monocytes. Thus, these
studies indicate that both mature myeloid cells and HSPCs as
the cellular basis are responsible for BCG-induced Tl and their
sustained memory.

2.3. Unresolved questions remain to be addressed

Although myeloid cells are the cellular basis and epigenetic
and metabolic reprogramming have been identified as key
molecular factors that drive Tl, the regulatory mechanisms
which mediate this process remain largely unexplored. First,
mature myeloid cell populations (monocytes and macro-
phages) and myeloid progenitors (HSPCs) are heterogeneous
populations and both comprise several subsets. When
encountering BCG or other pathogens, it is possible for
a defined subpopulation or all subpopulations to develop TI.
Recently developed single-cell RNA sequencing has been used
to investigate this process [48]. Second, the BCG vaccine is
typically administered as an injection into dermal tissue.
However, intravenous administration in mice and non-human
primates was shown to induce stronger protection against



M. tuberculosis infection [43,49]. Thus, can different BCG vacci-
nation strategies induce innate immune cells to produce the
same or completely different Tl in humans? Moreover, which
vaccination route can induce the human host to produce the
best protection against M. tuberculosis-related pathogens and
what is the mechanism underlying this difference? Third, intra-
dermal BCG vaccination in humans induces the transcriptional
programs of HSPCs toward myelopoiesis [47]. However, no
significant alterations in HSPCs were observed in mice vacci-
nated with BCG intradermally [43]. This may help explain these
differences. Fourth, BCG or other stimuli, such as B-glucan and
LPS, can generate different types of Tl [40] but the factors that
mediate the development of stimulus-specific innate immune
memory remain unknown. Finally, to date, most studies on
BCG-induced Tl have focused on the analysis of acquired
innate memory in circulating monocytes in the peripheral
blood or myeloid progenitors in the bone marrow [50]. Thus,
knowledge regarding the induction process and mechanisms
underlying BCG-induced Tl in local tissues, especially in the
lungs, is still lacking. The respiratory mucosa of the lung is the
primary site of defense against a broad range of pathogens,
including coronaviruses, adenoviruses, influenza,
M. tuberculosis, and Streptococcus pneumonia. Thus, further
studies are required to clarify these issues and improve our
view of host defenses and innate immune memory, as well as
provide a novel approach for targeting Tl in order to develop
better vaccines against TB or other infectious diseases.

3. BCG vaccine and COVID-19

As an old vaccine, BCG has been widely used to fight against
TB for decades [51]. Interestingly, a growing number of studies
have demonstrated that BCG vaccine induced a significantly
higher levels of IFN-y and IL-10, giving it the prophylactic
effect against bacterial and viral infections in humans, such
as experimental yellow fever, human papillomavirus (HPV),
respiratory syncytial virus (RSV), influenza A virus (H1N1),
herpes simplex virus (HSV), hepatitis B virus (HBV), melanoma,
bladder cancer, severe oral aphthosis, S. pneumoniae or virus
infection, and Salmonella typhi [37,52]. Furthermore, BCG vac-
cination shows nonspecific immunotherapy effects on clinical
symptoms caused by viruses, such as skin warts and genital
warts caused by HPV [53].

Based on these evidences, it is hypothesized that BCG
vaccination has the potential to protect against COVID-19.
Preliminary and unprecise epidemiological data suggest
a negative association between national BCG vaccination poli-
cies and the prevalence and mortality of COVID-19 [54,55].
Before COVID-19 vaccines can be widely administered, BCG
vaccination may be an effective tool to prevent COVID-19
[22,27]. As the mechanisms of BCG-induced Tl are not fully
understood and our understanding of the immunological
responses to COVID-19 remains lacking, more mechanistic
studies on the effects of BCG vaccination on COVID-19 are
urgently needed. In particular, which phase of the disease is
appropriate for intervention? How can the proper strain of the
BCG vaccine be selected? What is the BCG dose and delivery
method that can generate the best protection against COVID-
197 In addition, a clinical evaluation involving a large cohort
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regarding the effectiveness of BCG vaccination against COVID-
19 is needed. The following section provides a comprehensive
presentation of ongoing clinical trials of the BCG vaccine
against COVID-19.

4, Current clinical trials of TB vaccines against
COoVID-19

Currently, over 51 clinical trials involving TB vaccines (includ-
ing 43 clinical trials of BCG, 7 clinical trials of VPM1002, and 1
clinical trial of RUTI) against COVID-19 are being conducted
worldwide (Table 1). Although individuals of any age can be
infected with SARS-CoV-2, high-risk participants (HRPs), such
as older patients and HCWs, have the highest risk of SARS-CoV
-2 infection. Therefore, 54.90% (28/51) and 19.61% (10/51) of
clinical trials were performed to prevent SARS-CoV-2 infection
or to reduce its clinical consequences in HCWs and the elderly
(= 50 years old), respectively. Of the 51 clinical trials, 9 Phase IV
clinical trials are being conducted to evaluate the effectiveness
of BCG vaccination in preventing COVID-19 infection.
Furthermore, there are 28 phase Il clinical trials, 3 phase Il
clinical trials, and 11 phase unknown clinical trials also under-
way. Among the clinical trials of TB vaccines against COVID-19,
28 clinical trials of the BCG vaccine and 5 clinical trials of
VPM1002 are recruiting or authorized, while one clinical trial
of RUTI has been active but not yet recruiting. Here, we review
the progress of the afore-mentioned clinical trials of these
three types of TB vaccines against COVID-19.

4.1. Clinical trials of BCG vaccines against COVID-19

Although several reports have claimed that BCG is not effec-
tive in fighting COVID-19 [56-59], a growing number of stu-
dies have shown that countries with routine BCG vaccination
programs have significantly fewer reported cases and deaths
caused by COVID-19 [27,28,30,60-62]. However, these obser-
vational studies need to be further confirmed by clinical trials.
In the absence of direct evidence, the WHO does not recom-
mend BCG vaccination to prevent COVID-19 [31]. Therefore,
clinical trials regarding the effectiveness of BCG vaccination for
COVID-19 prevention are urgently needed. Currently, 43 clin-
ical trials on BCG vaccine prevention of COVID-19 have been
registered, including 9 Phase IV clinical trials, 20 Phase lII
clinical trials, 3 phase Il clinical trials, and 11 clinical trials
without a definite trial stage. Herein, we will focus on Phase
IV and Phase Il clinical trials that have already started recruit-
ing volunteers (Table 1). Detailed information regarding the
other clinical trials is shown in Table S2.

4.1.1. NCT04348370 (BADAS) and NCT04632537 (NUEVA):
BCG vaccine for HCWs as defense against COVID-19
(United States)

From 3 January 2020, to 29 April 2021, the United States of
America have reported 31,835,314 confirmed cases of COVID-
19 and 567,971 deaths, therefore ranking first in the world
regarding COVID-19 incidence and mortality. Currently, the
Pfizer-BioNTech and Moderna COVID-19 vaccines have been
authorized and recommended to prevent COVID-19 in the
United States (https://www.cdc.gov/coronavirus/2019-ncov
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/vaccines/different-vaccines.html). However, the vaccine sup-
ply is insufficient to ensure widespread vaccination. In addi-
tion to research on COVID-19 specific vaccines (AstraZeneca’s
ChAdOx1 nCoV-19 vaccine, Janssen’s Ad26.COV2.S vaccine,
and Novavax’s NVX-CoV2373 vaccine), the United States has
also conducted 3 clinical trials on BCG vaccine against COVID-
19, including NCT04348370 (Phase IV), NCT04632537 (Phase
), and NCT04534803 (Phase Ill). Two clinical trials
(NCT04348370 and NCT04632537) have begun recruiting
volunteers. Both were conducted to evaluate the efficacy of
BCG vaccination in reducing the risk of infection by SARS-CoV
-2 and mitigate COVID-19 disease severity in at-risk health care
providers.

4.1.2. NCT04475302: BCG vaccine in reducing morbidity
and mortality in elderly individuals in COVID-19 hotspots
(India)

As a large country with a population size second only to
China, India’s public health system and the number of HCWs
are far behind those found in China. Although India has
received a total of 147,727,054 doses of vaccine as of
26 April 2021, double mutated virus, B.1.617, is pushing
India’s public health system to the brink of collapse. From
3 January 2020, to 29 April 2021, India’s cumulative number
of confirmed COVID-19 cases and deaths has reached
18,376,524 and 204,832, respectively. The international com-
munity currently believes that the COVID-19 epidemic in India
strongly resembles a gunpowder keg, once it is ignited, it will
bring a devastating blow to India [63,64]. Fortunately, India
has employed a nationwide BCG vaccination, which may bring
a ray of hope. Furthermore, as elderly individuals and HCWs
are at a high risk of COVID-19, strategies to protect these
individuals are urgently needed to safeguard continuous
patient care. Currently, 7 clinical trials have been conducted
in India, including NCT04475302 (Recruiting, Phase lll), CTRI/
2020/09/027684 (Recruiting, Phase unknown), CTRI/2020/06/
025798 (not recruiting, Phase 1V), CTRI/2020/07/026668 (Not
recruiting, Phase Ill), CTRI/2020/05/025013 (not recruiting,
Phase 1l), (CTRI/2020/04/024833 (Not recruiting, Phase
unknown), and CTRI/2020/06/025854 (not recruiting, phase
unknown). On 17 July 2020, India conducted a Phase Ill clinical
trial (NCT04475302) to evaluate the effectiveness of the BCG
vaccine in reducing COVID-19-related morbidity and mortality
in 1,450 elderly individuals (60-80 years of age). However, one
major issue is that volunteers in the placebo group did not
receive any intervention, even with normal saline. Moreover,
the investigator reported a range of inoculation doses without
giving a precise value, which may affect later analyses of the
clinical trial data. Thus, we call on all vaccine researchers to
submit data that are as detailed as possible when registering
clinical trials, especially those key data, such as vaccination
dose, population grouping, and inclusion and exclusion
criteria.

4.1.3. NCT04369794: COVID-19: BCG as therapeutic
vaccine, transmission limitation, and immunoglobulin
enhancement (BATTLE, Brazil)

From 3 January 2020, to 29 April 2021, the cumulative number
of confirmed COVID-19 cases and deaths in Brazil has reached
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14,441,563 and 395,022, respectively, therefore ranking second
only to India and the United States. According to the WHO
statistics, the number of confirmed COVID-19 cases and deaths
in Brazil has increased significantly since December 2020,
which may be associated with the emergence of the SARS-
CoV-2 variant [65]. Thus, the healthcare system and HCWs in
Brazil face unprecedented challenges. Currently, 4 clinical trials
of the BCG vaccine against COVID-19 have been conducted in
Brazil, including a Phase IV clinical trial (NCT04369794, recruit-
ing), 2 Phase Il clinical trials (NCT04659941 and RBR-4kjqtg,
recruiting), and a phase unknown clinical trial (RBR-5ysj54, not
recruiting). The sample size of the four clinical trials was
relatively large. However, many details, such as the type of
BCG strain and the exact vaccination dose, have not been
disclosed.

4.1.4. NCT04648800: Clinical trial evaluating the effect of
BCG vaccination on the incidence and severity of
SARS-CoV-2 infections among healthcare professionals
during the COVID-19 pandemic in Poland

In Poland, the number of confirmed COVID-19 cases and
deaths began to rise rapidly in the autumn and winter of
2020. According to the WHO report, from 3 January 2020, to
29 April 2021, there have been 2,785,353 confirmed COVID-
19 cases and 67,073 deaths. As of January 2021, 2 clinical
trials (NCT04648800 and EUCTR2020-002111-22-PL) of BCG
vaccination against COVID-19 were conducted in Poland.
Both are phase Il clinical trials but only the NCT04648800
clinical trial has started recruiting volunteers. NCT04648800
is a multicenter, randomized, partially blinded, placebo-
controlled phase Il clinical trial. The volunteers were
divided into three groups: group | with positive TB skin
test (TST) + observation, group Il with negative TST + BCG
vaccine, and group Ill with negative TST + placebo. Unlike
other clinical trials on BCG vaccination to prevent COVID-19,
this clinical trial used the TST to distinguish those partici-
pants who had been vaccinated with BCG at birth. On this
basis, volunteers are divided into three groups instead of
two groups and the following three questions can be per-
fectly answered: (1) Does BCG vaccination affect the disease
course of COVID-19? (2) Will COVID-19 symptoms be less
severe among volunteers with a negative TST after addi-
tional BCG vaccination than in the case of non-vaccinated
subjects? (3) Do people with a positive TST have less severe
COVID-19 symptoms than those with negative test results?
This clinical trial is currently recruiting volunteers and is
expected to end in April 2021. We look forward to the
publication of the results of this clinical trial because it
will provide strong direct evidence regarding whether BCG
vaccination can effectively prevent COVID-19.

4.1.5. IRCT20200411047019N1: Investigating the effect of
BCG vaccine on preventing COVID-19 infection in
healthcare staff exposed to SARS-CoV-2 (Iran)

As of 29 April 2021, Iran’s confirmed number of COVID-19
cases had reached 2,459,906, ranking 14th globally. To assess
the effect of the BCG vaccine on preventing COVID-19 infec-
tion in HCWs exposed to SARS-CoV-2, a double-blind,
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placebo-controlled, randomized controlled, multicenter
phase Il clinical trial was conducted by the Professor
Alborzi Clinical Microbiology Research Center in cooperation
with the Shiraz University of Medical Sciences in Iran. This
study will recruit 500 HCWs (over 18 years of age) and
groups will be divided into a 1:1 ratio. Although the volume
of the BCG vaccine and injection site have been revealed,
the specific number of colony forming units (CFUs) was not
disclosed in this clinical trial. Participants will be followed up
for 12 months via text messages and blood samples will be
collected before randomization and at 12 months to deter-
mine exposure to SARS-CoV-2.

4.1.6. NCT04379336: BCG vaccination for HCWs in
COVID-19 pandemic (South Africa)

As of 29 April 2021, the cumulative number of confirmed
COVID-19 cases and deaths in South Africa reached
1,578,450 and 54,285, respectively. As of 27 April 2021,
a total of 182,983 vaccine doses have been administered. On
5 April 2020, a placebo-controlled, randomized controlled
phase Il clinical trial was conducted by TASK Applied
Science to investigate whether and why BCG-revaccination
could reduce the incidence rate and/or disease severity in
HCWs during the COVID-19 outbreak in Cape Town, South
Africa. This project aimed to compare the number of HCWs
hospitalized due to COVID-19 and the incidence of SARS-CoV
-2 infection in HCWs. This clinical trial is currently recruiting
volunteers and was expected to end in April 2021.

4.1.7. NCT04537663 (BCG-PRIME) and NCT04328441 (BCG-
CORONA): prevention of Covid-19 in vulnerable older
adults and reducing health care worker’s absenteeism in
Covid-19 pandemic through BCG vaccine (Netherlands)

In the Netherlands, from 3 January 2020, to 29 April 2021,
there have been a total of 1,481,323 confirmed COVID-19
cases and 17,104 deaths. As of 24 April 2021, a total of
5,207,554 vaccine doses have been administered. As
a country that does not officially recommend BCG vaccination,
the Netherlands is conducting the most clinical trials of BCG
vaccination against COVID-19 globally, including 4 Phase IV
clinical trials (EUCTR2020-000919-69-NL, EUCTR2020-002456-
21-NL, NCT04537663, and NCT04417335), 1 Phase Il clinical
trial (NCT04328441), and 4 clinical trials with unknown phases
(NL8609, NL8547, NL8477, and EUCTR2020-003470-47-NL).
Currently, 3 clinical trials have begun to recruit volunteers,
namely NCT04537663 (Phase IV), NCT04328441 (Phase IlI),
and NL8547 (Phase unknown). Based on the criteria men-
tioned above, we will provide a detailed summary of the
clinical trials NCT04537663 and NCT04328441. Both clinical
trials were subsidized by UMC Utrecht and conducted using
the same BCG Danish strain 1331. However, there are also
significant differences between the two trials, such as objec-
tives, population, sample size, and outcome measures.
NCT04537663 is an adaptive multicenter, double-blind, rando-
mized, placebo-controlled trial that includes 5,200 to 7,000
vulnerable elderly individuals. This trial aimed to determine
the impact of BCG vaccination on the incidence of clinically
relevant respiratory infections or COVID-19 in vulnerable
elderly patients. The NCT04328441 trial is a placebo-

controlled, adaptive, multicenter, randomized, controlled
phase llI clinical trial. Based on the hypothesis that BCG vacci-
nation can reduce HCWs absenteeism during the epidemic
phase of COVID-19, this clinical trial aims to recruit 1,500
HCWs. Both studies began recruiting volunteers and were
expected to end in April 2021. The results of both clinical trials
will provide sufficient evidence to evaluate the effectiveness of
BCG in protecting the HRPs, such as HCWs and the elderly,
from COVID-19 infection.

4.1.8. NCT04542330: Using BCG to protect senior citizens
during the COVID-19 pandemic (Denmark)

In Denmark, from 3 January 2020, to 2 March 2021, there
were 249,785 confirmed COVID-19 cases and 2,481 deaths. It
is well known that seniors and HCWs are at high risk of
SARS-CoV-2 infection. Thus, to investigate the hypothesis
that BCG vaccination can reduce the risk of COVID-19 and
other infections among senior citizens and HCWs during the
COVID-19 pandemic, 4 clinical trials (NCT04542330,
NCT04373291, EUCTR2020-001888-90-DK, and EUCTR2020-
003904-15-DK) have been conducted in Denmark.
Interestingly, the Bandim Health Project (NCT04542330 and
NCT04373291) and the University of Southern Denmark
(EUCTR2020-001888-90-DK and EUCTR2020-003904-15-DK)
have each conducted two clinical trials, both of which
included HCWs and elderly patients. Both designs reduce
errors in the research process and provide the possibility for
future data analysis and comparison.

4.1.9. NCT04347876: outcome of COVID-19 cases based on
tuberculin test: can previous BCG alter the prognosis?
(Egypt)

According to the WHO report (https://covid19.who.int/region/
emro/country/eg), from 14 February 2020, to 8 January 2020,
COVID-19-related morbidity and mortality in Egypt was
1,362.89 and 75.12 per 100,000 people, respectively. In
Egypt, the BCG vaccine coverage is as high as 96%. On
15 April 2020, the Assiut University conducted a Phase llI
clinical trial to determine whether BCG vaccination can signif-
icantly reduce the pneumonia severity index, need for ICU
admission, number of days necessary to cure COVID-19, and
mortality. This study recruited 100 participants (12-80 years
old) admitted with confirmed COVID-19. All volunteers were
divided into two groups according to the results of the tuber-
culin test (positive or negative, indicating a history of previous
BCG vaccination or not). The study has two design flaws: (1)
A positive tuberculin test is not only caused by BCG vaccina-
tion but may also be caused by non-tuberculous mycobacteria
or environmental mycobacteria. However, the researchers did
not exclude this factor, which may have led to a lack of
accuracy in the research results. (2) Phase Il clinical trials
generally require approximately 20,000 participants but this
study only recruited 100 participants, which will affect the
reliability of the results. Nevertheless, the clinical trial also
has a major advantage, being the only clinical trial that
includes children aged 12-17 years. These data will fill the
gap in our knowledge regarding the effectiveness of BCG
vaccination for COVID-19 prevention in children. This clinical
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trial is currently recruiting volunteers and was expected to end
on 30 June 2020, but the results have not yet been published.

4.1.10. NCT04327206: BCG vaccination to protect health
care workers against COVID-19 (BRACE, Australia)
Although the number of confirmed cases and deaths in
Australia is much lower than that in the United States,
Australia has not yet carried out a national BCG vaccination
program, which may increase the risk of COVID-19 infection in
HCWs and the elderly when compared to the countries that
recommend BCG vaccination [30]. Currently, only one clinical
trial of BCG against COVID-19 was conducted in Australia
(NCT04327206). This Phase Il clinical trial will recruit 10,078
HCWs to determine whether BCG vaccination reduces the
incidence and severity of COVID-19 during the 2020 pan-
demic. Compared with other clinical trials of BCG against
COVID-19, the biggest advantage of this clinical trial is its
large sample size (10,078). Therefore, the data provided by
this clinical trial will be able to convincingly demonstrate the
protective efficiency of BCG against COVID-19.

4.2. Clinical trials of VPM1002 vaccines against
coViD-19

VPM1002 is a live recombinant BCG AureC::hly vaccine derived
from the parental strain of Danish BCG and was originally
developed to improve the efficacy and safety of the BCG
vaccine [9]. Preclinical studies have shown that VPM1002 can
induce an enhanced safety profile and Th1-/Th17-type
immune responses in mice, guinea pigs, rabbits, and non-
human primate animal models [66,67]. Several clinical trials
conducted in South Africa and Germany have also indicated
that VPM1002 could stimulate multifunctional T cells which
secrete high levels of IFN-y or B cells that produce antibodies
[68,69]. These data suggest that VPM1002 may be significantly
more effective than BCG in reducing the severity of SARS-CoV
-2 infection. However, as a live attenuated vaccine, VPM1002 is
modified by replacing the BCG urease C gene with the mem-
brane perforating listeriolysin O (LLO) encoding gene (hly) of
Listeria monocytogenes [70]. Thus, whether its defensive effi-
ciency against COVID-19 infection is significantly better than
that of the classic BCG vaccine still needs to be verified via
clinical trials.

Currently, 7 VPM1002 clinical trials have been registered to
investigate its ability to prevent COVID-19 in adults and the
elderly. Four of them were carried out in Germany
(NCT04387409, NCT04435379, EUCTR2020-001376-15-DE, and
EUCTR2020-001675-33-DE), while the other three were con-
ducted in India (CTRI/2020/04/024749), Canada
(NCT04439045), and Australia (ACTRN12620000707965),
respectively (Table 1). Here, we will give more attention to
the clinical trials that have begun recruiting volunteers.

4.2.1. NCT04387409 and NCT04435379: studies to assess
VPM1002 in reducing HCWs’ absenteeism and hospital
admissions and/or severe respiratory infectious diseases in
the elderly during COVID-19 pandemic (Germany)
Germany has been at the forefront of clinical trials regarding
the effectiveness of the VPM1002 vaccine against COVID-19.

EXPERT REVIEW OF VACCINES 15

Currently, Germany has registered 4 VPM1002 clinical trials
globally, including 2 clinical trials registered on Clinicaltrials.
gov (NCT04387409 and NCT04435379) and 2 registered in the
EU Clinical Trials Register (EUCTR2020-001376-15-DE and
EUCTR2020-001675-33-DE). The four clinical trials were all car-
ried out by Vakzine Projekt Management GmbH, three of
which will recruit volunteers over 18 years old and one
which will recruit seniors over 60 years old. Furthermore, two
clinical trials (NCT04435379 and NCT04387409) had
a vaccination dose of 0.1 mL VPM1002 with 2-8 x 10° CFUs,
while the other two clinical trials (EUCTR2020-001675-33-DE
and EUCTR2020-001376-15-DE) had a vaccination dose of
0.1 mL VPM1002 with 2-8 x 10° CFUs. Notably, the data
from these clinical trials will reveal the preventive effect of
the BCG vaccine on COVID-19 in people of different ages and
evaluate the protective efficiency of different BCG doses
against COVID-19.

4.2.2. CTRI/2020/04/024749: study to evaluate the efficacy
of recombinant BCG VPM1002 in reducing infection
incidence and disease severity of SARS-COV-2/COVID-19
among high-risk subjects (India)

In recent years, India has conducted several clinical research
studies regarding the VPM1002 vaccine for TB prevention.
Recently, the Serum Institute of India Pvt Ltd (SIIPL), the
world’s largest vaccine manufacturer, was supported by the
Department of Biotechnology’s National Biopharma Mission to
conduct a double-blind, randomized, placebo-controlled, mul-
ticenter phase Il clinical trial of the VPM1002 vaccine. This
study recruited 5946 HCWs in close contact with COVID-19
patients to determine whether the VPM1002 vaccine can
induce an enhanced immunity that helps protect patients
from SARS-CoV-2. Participants in the VPM1002 vaccine group
or placebo group will receive a single dose of 0.1 mL VPM1002
or 0.9% sodium chloride via intradermal injection. However,
the number of CFUs in the 0.1 mL VPM1002 vaccine was not
disclosed, which is extremely important for evaluating vaccine
efficacy and should not be ignored. The current trial will assess
the efficacy and safety of VPM1002 by counting and analyzing
the number of subjects with laboratory-confirmed COVID-19
infections among HCWs or other high-risk subjects. Moreover,
they will also evaluate the number of laboratory-confirmed
COVID-19 infections presenting with severe, critical, or life-
threatening disease, as assessed by investigators, among
HCWs or other high-risk subjects.

4.3. Clinical trial of the RUTI vaccine against COVID-19

RUTI is a therapeutic vaccine based on fragmented and detox-
ified M. tuberculosis which is used to prevent active TB in
subjects with latent TB infection (LTBI) [71]. This vaccine was
initially developed by Archivel Farma S.L. (Spain) in collabora-
tion with Parexel (USA). Previous studies have demonstrated
that the RUTI vaccine provides a strong humoral and cellular
immune response against M. tuberculosis antigens [72],
induces a balanced immune response, and reflects its impact
on Tl [73]. Moreover, a pre-clinical study has indicated that the
RUTI vaccine has good efficacy in controlling LTBI in mice,
guinea pigs, goats, and mini-pigs [74]. Clinical trials have also
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Figure 3. The global situation of confirmed COVID-19 cases (A) and deaths and the regional situation of confirmed COVID-19 cases (B). The data was
obtained from WHO COVID-19 dashboard (https://covid19.who.int/) and showed as cases per weekly. Each chart’s blue date represents the date when the number
of confirmed cases or deaths per week shows a downward trend. The data collection time is 3 March 2021.

suggested that the RUTI vaccine has acceptable tolerability,
immunogenicity, and safety in healthy volunteers
(NCT00546273) and patients with LTBI [74,75] or multidrug-
resistant TB (NCT02711735) [9,76].

Based on these encouraging results, Fundacié Institut
Germans Trias i Pujol in Spain performed a double-blind,
randomized, placebo-controlled phase Il clinical trial to eval-
uate the efficacy of the RUTI vaccine in preventing SARS-CoV-2
infection (NCT04453488). Three hundred and fifteen HCWs
over the age of 18 will receive two doses of 0.3 mL RUTI
vaccine (25 pg) or 0.3% NaCl (0.9%) via subcutaneous injection
in the deltoid region at the baseline visit and after 2 weeks +
3 days, respectively. The primary outcome of this study was
the rate of positive serology at the end of the study or

a positive PCR test during routine clinical practice. It should
also be noted that the immunogenicity of the vaccine remains
uncertain. A phase Il clinical trial in patients with LTBI demon-
strated that the safety profile of the RUTI vaccine was consid-
ered acceptable. However, its immunogenicity profile varied
among groups [74]. Therefore, these issues should be consid-
ered in clinical trials of RUTI vaccines against COVID-19.

5. Challenges of COVID-19 vaccines

Vaccination has been the best way to fight against SARS-CoV-2
infection [77]. Currently, there are 76 and 182 COVID-19 vac-
cines in clinical and preclinical development, respectively
(https://www.who.int/publications/m/item/draft-landscape-of-
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covid-19-candidate-vaccines). What is exciting is that more
than ten COVID-19 specific vaccines have been approved
under EUA by over 40 countries [11-13,20,21,78]. By analyzing
the data regarding weekly confirmed cases and deaths
released by the WHO, we found that after vaccination with
the COVID-19 vaccines, the number of weekly confirmed cases
and deaths worldwide began to show a downward trend from
early January 2021, but an upward trend from February and
March 2021 (Figure 3(a)), especially in the Americas, Europe,
Southeast Asia, Eastern Mediterranean, and Western Pacific
(Figure 3(b)). This demonstrates that COVID-19 vaccination
effectively reduces morbidity and mortality but this trend
has been changed to upward due to the combined effects of
other confounding factors, such as the lifting of lockdowns,
the absence of masks, the restoration of social activities,
uncertain duration of immunity after vaccination, and the
emergence of mutant strains.

Although the COVID-19 vaccines approved under EUA have
brought hope to people under the threat of the COVID-19
pandemic, they still face several challenges.

5.1. Challenge I: The emergence of SARS-CoV-2 variants

As the most crucial SARS-CoV-2 surface protein, the spike (S)
protein plays an essential role in viral infection [79].
Therefore, 44 of the 76 COVID-19 vaccines in clinical trials
were based on the S protein, according to the WHO report
(https://www.who.int/publications/m/item/draft-landscape-
of-covid-19-candidate-vaccines). Currently, the COVID-19
vaccines approved under EUA have been proven to have
adequate protection efficiency and safety against the origi-
nal SARS-CoV-2 strain. However, SARS-CoV-2 variants have
emerged in the United Kingdom (20I/501Y.V1, lineage
B.1.1.7), South Africa (20 H/501Y.V2, lineage B.1.351), Brazil
(20 J/501Y.V3, lineage P.1), and India (double mutated virus,
B.1.617), which has raised concerns regarding the effective-
ness of these vaccines [80-83]. It has been reported that
these SARS-CoV-2 variants may have a higher transmission
rate and are associated with escape from neutralizing anti-
bodies induced by COVID-19 vaccines [82,84]. Therefore,
there is an urgent need to evaluate the protective efficiency
of COVID-19 vaccines against SARS-CoV-2 variants. Recently,
a study has shown that the Covaxin vaccine effectively
neutralizes the UK SARS-CoV-2 variant and reduces the pos-
sibility of mutant virus escape [85]. Similarly, it was also
reported that the protective efficiency of NVX-CoV2373
against the original strain and the UK variant strain was
95.6% and 85.6%, respectively [86]. However, studies have
also shown that the neutralizing effect of the Moderna
mMRNA-1273 vaccine and Pfizer-BioNTech BNT162b2 vaccine
on SARS-CoV-2 variants (E484K and N501Y) was slightly
reduced [87], while the NVX-CoV2373 vaccine was only
49.4% effective in preventing the South African SARS-CoV
-2 variant strain [86]. These data indicate that evaluating the
protective efficiency of currently approved COVID-19 vac-
cines against SARS-CoV-2 variants will be an urgent but
time-consuming project.
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5.2. Challenge IIl: Some HRPs were not included in the
clinical trials of COVID-19 vaccines

Currently, most subjects in clinical trials of COVID-19 vac-
cines are HCWs, with only a small number of older adults
included in the study cohort. However, other HRPs, such as
infants, children, and pregnant women, were excluded.
Due to their physical condition, these HRPs have lower
immunity than normal adults and are more likely to be
infected by SARS-CoV-2. Although several COVID-19 vac-
cines, such as BNT162b2, mRNA-1273, and ChAdOx1 nCoV-
19 (AZD1222), can also be used in older adults and have
been shown to be somewhat effective, the vaccine dose
requires clarification through further studies [88,89]. An
age-to-age infection matrix suggested that transmission
of SARS-CoV-2 was more common from adults to children
than from children to adults, which means that children
are at a disadvantage in the COVID-19 pandemic [90]. For
pregnant women, the safety of the vaccines is the primary
factor determining their acceptance of the COVID-19 vac-
cination. A recent study evaluated COVID-19 vaccine
acceptance among pregnant women in 16 countries and
the results showed that only 52.0% of pregnant women
indicated an intention to receive the COVID-19 vaccine
[91]. Unfortunately, children, pregnant women, and the
elderly are often excluded from COVID-19 vaccines clinical
trials, resulting in a lack of first-hand data regarding the
safety and effectiveness of the COVID-19 vaccines in these
populations. In the future, we propose to include children,
pregnant women, and the elderly in COVID-19 vaccines
clinical trials.

5.3. Challenge lli: The cold chain logistics for the
transportation of COVID-19 vaccines

Mass vaccination is a very effective public health interven-
tion during the COVID-19 pandemic. However, after COVID-
19 vaccines have become available, transporting these vac-
cines quickly and efficiently from manufacturers to hospitals
or communities is the next crucial step in the whole process
of vaccine circulation [92]. The most significant difference
between the vaccine supply chain and transportation of
other goods lies in the cold chain logistics requirements
[93]. The transportation and storage of inactivated vaccines,
such as the Sinovac vaccine and Sinopharm’s COVID-19
vaccine need to be carried out at 2°C to 8°C, with
a complete industrial chain and mature technology [94].
However, Pfizer/BioNTech’s BNT162b2 and Moderna mRNA-
1273 require temperatures of —80°C and —20°C, respectively.
Thus, the delivery of these mRNA vaccines requires specia-
lized freezers that most doctors’ offices and pharmacies are
unlikely to have on-site. As such, the easiest solutions are
aircraft transportation and dry ice storage. However, the
global air cargo throughput is insufficient to distribute
these COVID-19 vaccines internationally and the instability
of dry ice may render the vaccine ineffective [95]. The WHO
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estimates a huge risk of losing COVID-19 vaccines due to
cold chain failures and nonfunctional freezers [96].
Therefore, the best solution may be to use the ultra-low
temperature freezer as the transport carrier but this equip-
ment is expensive and difficult to obtain, so solving the
challenges in the cold chain logistics of COVID-19 vaccines
in a short time remains difficult.

5.4. Challenge IV: Global imbalance of supply of
COVID-19 vaccines

The development of effective COVID-19 vaccines is a global
marathon competition from basic research and clinical trials to
the current vaccine supply and distribution. Developed coun-
tries have always been in a leading position in this competi-
tion. COVAX, which is co-led by the WHO, Coalition for
Epidemic Preparedness Innovations (CEPI), and the Global
Alliance for Vaccines and Immunization (GAVI), is committed
to accelerating the development, production, and global fair
distribution of COVID-19 vaccines (https://www.who.int/initia
tives/act-accelerator/covax). Worryingly, WHO and its partners’
efforts may not meet the needs of the global population,
especially those in LMICs (http://infojustice.org/archives/
42255), as it was reported that 80% of the population in
LMICs could not benefit from COVID-19 vaccines provided by
COVAX [92]. Global cooperation is urgently needed in
response to an imbalance in the supply and distribution of
COVID-19 vaccines. As such, developed countries should
actively support LMICs to expand their testing capabilities
and obtain COVID-19 vaccines reasonably and affordably [97].

6. Opportunities of BCG vaccine

As mentioned in the previous section, the currently available
COVID-19 vaccines face many challenges. Interestingly, the
above-mentioned shortcomings of COVID-19 vaccines repre-
sent advantages of the BCG vaccine. BCG is the only vaccine
approved for TB prevention [9]. Moreover, due to its ability to
induce TI, the BCG vaccine has been used to treat other viral
infections in humans [9,38]. Recently, it was proposed that the
BCG vaccine may have a protective effect against COVID-19
[22]. As previously mentioned, 51 clinical trials were con-
ducted to verify this hypothesis. Once this hypothesis is
demonstrated, the BCG vaccine may help overcome the chal-
lenges associated with COVID-19 vaccines.

6.1. Opportunity I: Better safety and larger applicable
population

Accumulating evidence has shown that age is a crucial risk
factor associated with the severity of symptoms caused by
SARS-CoV-2 [98]. Therefore, there is an urgent need to reduce
the incidence and mortality of COVID-19 in infants and the
elderly. Unfortunately, these two groups of people are often
excluded from the scope of COVID-19 vaccination programs.
Thus, the BCG vaccine can compensate for this shortcoming.
Adverse events following immunization (AEFI) are essential
indicators to evaluate vaccine safety [99]. A recent review

conducted in Africa compared the AEFI of nine vaccines and
found that the BCG vaccine was generally well-tolerated in
neonates [94], suggesting that its safety is reliable [100]. In
addition, studies have found that BCG vaccination of pregnant
women had no obvious effect on the fetus, indicating that
BCG vaccination is also safe for pregnant women [101,102].
A study in the elderly also suggested that Tl elicited by BCG
vaccination may improve immune responses and serve as
a strategy to combat COVID-19 [98]. These results demon-
strate that the BCG vaccine has reliable safety and its applic-
ability has achieved full coverage, from neonates to the
elderly.

6.2. Opportunity IlI: Less public hesitation, better
affordability and accessibility

Currently, COVID-19 vaccines are being limited by public hes-
itation, affordability, and accessibility. A cohort study demon-
strated that compared to Caucasian participants, COVID-19
vaccine hesitancy was greater among ethnic minorities and
COVID-19 vaccine affordability and accessibility were found to
be lower in African-American participants in the United States
[103]. A similar hesitation was observed in the Philippines
[104]. In addition, in a social survey in the United States,
approximately 40% of the respondents who had not been
vaccinated or had not scheduled vaccinations indicated that
they were unwilling to receive the COVID-19 vaccine [105].
These data indicate that the public’s acceptance of the COVID-
19 vaccine is still a vital factor that hinders the widespread
COVID-19 vaccination. In contrast, the BCG vaccine has better
acceptance, affordability, and availability. According to the
WHO statistics, in 2019, over 153 countries recommend BCG
vaccination as a standard part of national childhood immuni-
zation programs, of which 87 reported coverage of = 90% [31].
Our previous study also found that the BCG vaccination cover-
age in LMICs, especially those in the LDCs, is very high, which
may be associated with the low cost and high benefit of the
BCG vaccine [22]. Moreover, the BCG vaccine price is relatively
low, and even in some developing countries, governments
provide free vaccination services, which dramatically increases
the accessibility and affordability of the BCG vaccine. If the
clinical trial results support the hypothesis that BCG can effec-
tively prevent COVID-19, the BCG vaccine will solve many
challenges faced by currently available COVID-19 vaccines,
such as multiple doses imposing financial burdens and patient
compliance barriers [106].

6.3. Opportunity lll: Simple transportation and storage

As discussed in Section 5.3, cold-chain logistics affect the
worldwide distribution of COVID-19 vaccines. It has been
reported that even highly developed countries, such as the
United States, cannot provide sufficient cold-chain logistics to
ensure the national distribution of COVID-19 vaccines, let
alone LMICs in the epidemic and economic vortex [96].
Although LMICs, especially the LDCs, still have a gap in their
understanding, attitude, and practice of vaccination cold-chain
logistics systems, this does not mean that these countries
experience obstacles regarding the transportation, storage,
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and distribution of routine vaccines, such as the BCG vaccine.
A recent study evaluated the knowledge and practice of vac-
cination logistics management systems among HCWs in
Nigeria and the results suggested that 83.9% and 81.1% of
HCWs had good knowledge and attitude, respectively, regard-
ing the management systems [107]. In addition, it has been
reported that the stability of the dry powder BCG vaccine did
not decrease after storage at 25°C for one year [108]. These
data indicate that compared to COVID-19 vaccines, the BCG
vaccine has absolute advantages in regards to transportation,
storage, distribution, and vaccination, especially in countries
where COVID-19 vaccines are not available.

6.4. Opportunity IV: Larger production capacity and
a shorter wait

COVAX has an ambitious plan to provide at least 2 billion
doses of COVID-19 vaccines by the end of 2021, which unfor-
tunately will only account for 20% of the COVID-19 vaccine
needs of participating countries [92]. Furthermore, many high-
income countries have signed bilateral agreements with
COVID-19 vaccine manufacturers, while most LMICs face diffi-
culties in obtaining and providing COVID-19 vaccines to their
citizens [109]. In sharp contrast, the production technology of
the BCG vaccine is very well established, as it is a vaccine that
has been used for decades. Sufficient production capacity,
effective demand forecasting, and national-level procurement
strategy enable the BCG vaccine to be supplied in large quan-
tities in a short time [31]. Coupled with the low requirements
for transportation and storage, mass-produced BCG vaccines
can be distributed to hospitals and clinics in time for
vaccination.

7. Conclusions

In summary, at least ten COVID-19 specific vaccines have been
approved under the EUA for vulnerable populations. However,
these approved COVID-19 vaccines still face many challenges,
such as the emergence of SARS-CoV-2 variants, short protec-
tive duration, low acceptance, inaccessibility, unaffordability,
unfair distribution, and inconvenient transportation and sto-
rage. Interestingly, as an ancient TB vaccine, the BCG vaccine
has attracted attention due to its ability to induce TI. The TI
induced by the BCG vaccine seems to have advantages that
can compensate for the shortcomings of currently available
COVID-19 vaccines, including better safety, long duration of
protective efficacy (10 to 15 years), larger applicable popula-
tion, less public hesitation, better affordability and accessibil-
ity, simple transportation and storage, and higher production
capacity. Accumulating data indicate that the BCG vaccine
may have good potential in preventing COVID-19 via its
trained innate immunity, but this hypothesis needs to be
confirmed by clinical trials. Currently, 51 clinical trials of BCG
vaccines (including 7 of VPM1002 and 1 of RUTI) against
COVID-19 have been conducted, including 9 phase IV clinical
trials, 28 phase Il clinical trials, 3 phase Il clinical trials, and 11
phase unknown clinical trials. Thus, the results of these clinical
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trials will provide substantial evidence regarding whether the
BCG vaccine is effective in preventing COVID-19.

8. Expert opinion

Globally, as of 29 April 2021, there have been 149,216,984 con-
firmed cases of coronavirus disease 2019 (COVID-19), including
3,144,028 deaths reported by the World Health Organization
(WHO). Vaccination is the best way to defend against COVID-
19. Currently, there are 76 and 182 COVID-19 vaccines in clinical
and preclinical development, respectively. Moreover, at least ten
vaccines have been authorized under an emergency use author-
ization (EUA) to prevent COVID-19 in over 40 countries, including
Moderna’s mRNA-1273 vaccine (United States), Pfizer-BioNTech'’s
BNT162b2 vaccine (United States & Germany), Sinovac vaccine
(China), Sinopharm’s two COVID-19 vaccines (China), CanSino’
Ad5-nCoV vaccine (China), Sputnik V vaccine (Russia),
EpiVacCorona vaccine (Russia), AstraZeneca’s ChAdOx1 nCoV-
19 (England), and Janssen’s Ad26.COV2.S (United States). As of
28 April 2021, a total of 968,452,196 vaccine doses have been
administered worldwide.

However, despite their efficacy, COVID-19 vaccines face
many challenges: (1) The emergence of SARS-CoV-2 variants
in the United Kingdom (201/501Y.V1, lineage B.1.1.7), South
Africa (variant 20 H/501Y.V2, lineage B.1.351), and Brazil (20 J/
501Y.V3, lineage P.1) has raised concerns regarding the effec-
tiveness of these vaccines. (2) The duration of immunity
induced by the COVID-19 vaccines remains uncertain. It has
been shown that vaccinated patients could still be infected
with SARS-CoV-2 and patients who have been cured are also
at risk of being infected again. Notably, protective antibodies
in recovered patients are present for only a few months. (3)
Some high-risk participants (HRPs) were not included in the
COVID-19 vaccines clinical trials, such as infants, children, and
pregnant women. (4) Cold chain logistics for the transporta-
tion of COVID-19 vaccines. The WHO estimates a massive risk
of losing COVID-19 vaccines due to cold chain failures and
nonfunctional freezers. (5) Global imbalance in the supply of
COVID-19 vaccines. It was reported that 80% of the population
in low- and middle-income countries (LMICs) could not benefit
from the COVID-19 vaccines provided by COVAX.

The Bacille Calmette-Guérin (BCG) vaccine is a live attenuated
vaccine used for more than 100 years as a prophylactic agent
against tuberculosis (TB). Several epidemiological studies and
randomized controlled trials have reported that BCG vaccination
could also protect against other unrelated pathogens. More
importantly, controlled experimental studies in humans have
provided direct evidence for the protective efficacy of BCG vac-
cination against clinically relevant pathogens, such as those who
cause yellow fever and malaria. Thus, it has been hypothesized
that these BCG-induced nonspecific beneficial effects may also
help prevent COVID-19. To confirm this hypothesis, more than 51
clinical trials investigating the efficacy of the BCG vaccine against
COVID-19 have been conducted worldwide, including 9 phase IV
clinical trials, 28 phase lll clinical trials, 3 phase Il clinical trials, and
11 phase unknown clinical trials.

Although there are currently several COVID-19 vaccines
already approved for emergency use, there are still as many
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as 51 clinical trials investigating BCG-induced prevention of
COVID-19, indicating that the BCG vaccine has several advan-
tages over other COVID-19 vaccines. Interestingly, the short-
comings of the above-mentioned COVID-19 vaccines
represent advantages of the BCG vaccine, such as: (1) Better
safety and larger applicability in the general population. BCG
has reliable safety and its applicability is considerably larger,
having full coverage from neonates to the elderly. (2) Less
public hesitation, better affordability, and accessibility.
According to WHO statistics, in 2019, over 153 countries
recommended BCG vaccination as a standard part of national
childhood immunization programs. Moreover, the price of the
BCG vaccine is relatively low and even in some developing
countries, governments provide free vaccination services,
therefore dramatically increasing the accessibility and afford-
ability of the BCG vaccine. (3) Simple transportation and sto-
rage. The delivery of mRNA COVID-19 vaccines, such as Pfizer/
BioNTech’s BNT162b2 and Moderna’s mRNA-1273, requires
specialized freezers that most offices of doctors and pharma-
cies are unlikely to have on-site. In contrast, it has been
reported that the dry powder BCG vaccine remained stable
even after storage at 25°C for one year. These data show that,
compared to the COVID-19 vaccines, the BCG vaccine has
absolute advantages in regards to transportation, storage,
distribution, and applicability, especially in countries where
COVID-19 vaccines are not available. (4) Larger production
capacity and shorter wait time. As a vaccine used for decades,
the production technology for the BCG vaccine is very well
established. Sufficient production capacity, effective demand
forecasting, and national-level procurement strategies enable
the supply of large quantities of the BCG vaccine quickly.
Moreover, coupled with the low requirements for transporta-
tion and storage, mass-produced BCG vaccines could be dis-
tributed to hospitals and clinics in time for vaccination.

Once this hypothesis is confirmed, the BCG vaccine may
provide a possible solution to the problems faced by COVID-
19 vaccines due to its advantages regarding safety, availability,
affordability, production capacity, transportation, storage, and
distribution capacity
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