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A B S T R A C T

The incidence of COVID-19 in children and teenagers is only about 2% in China. Children had mild symptoms
and hardly infected other children or adults. It is worth considering that children are the most vulnerable to
respiratory pathogens, but fatal SARS-like virus had not caused severe cases among them. According to the
pathological studies of COVID-19 and SARS, a sharp decrease in T lymphocytes leads to the breakdown of the
immune system. The cellular immune system of children differs from that of adults may be the keystone of
atypical clinical manifestations or even covert infection. The frequent childhood vaccinations and repeated
pathogens infections might be resulting in trained immunity of innate immune cells, immune fitness of adaptive
immune cells or cross-protection of antibodies in the children. Therefore, due to lack of specific vaccine, some
vaccines for tuberculosis, influenza and pneumonia may have certain application potential for the front-line
health workers in the prevention and control of COVID-19. However, for high-risk susceptible populations, such
as the elderly with basic diseases such as hypertension and diabetes, it is necessary to explore the remedial effect
of the planned immune process on their immunity to achieve the trained immunity or immune fitness, so as to
improve their own antiviral ability.

According to Report of the WHO-China Joint Mission on Coronavirus
Disease 2019 (COVID-19) (called 2019 Report) submitted on 28
February 2020, data on children (≤18 years) suggest that there is a
relatively low attack rate in this age group (2.4% of all reported cases)
[1]. Despite the low incidence of children, they also have milder pre-
sentations, severe clinical manifestations such as respiratory distress are
rarely detected, even when pathological changes are moderate to severe
[2,3]. This epidemiological feature is consistent with another outbreak
of coronavirus-related disease, SARS, in 2003 [4]. We reviewed the
existing literatures on COVID-19 and SARS and found that some studies
have addressed this phenomenon. Determining the difference between
how children and adults respond may be a new way to treat and prevent
the disease.

Epidemiological characteristics

Humans are generally susceptible

The pathogen causing COVID-19 is a newly identified pathogen,
bioinformatic analyses indicated that the virus had features typical of
the coronavirus family and belonged to the β-coronavirus lineage [5],
named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
COVID-19 is mainly transmitted through respiratory droplets and close
contact, although virus particles have been detected in patients' feces,
lacrimal secretions, and aerosols, there is no clear evidence that these
secretions are infectious. Currently, the main source of infection is
confirmed patient, including asymptomatic infections.

In theory, humans have no pre-existing immunity to this newly
identified pathogen. Everyone is assumed to be susceptible, although
there are a variety of factors that can increase the risk of infection.
Whether there is life-long neutralizing immunity after infection requires
further study. There have been recent reports of “re-positive” cases of
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nucleic acid testing in discharged patients, which may be related to
“false positive” tests at discharge, rather than actual recurrence [6,7].
The latest follow-up study of SARS survivors found that specific IgG
antibodies persisted for up to 12 years [8]. Other earlier observations
have also reported maintenance ranging from 2 to 4 years of SARS-CoV
specific antibodies [9,10].

Like MERS and SARS, it is a cross-species infectious disease. Since
MERS did not occur on a large scale in China, we compared it with the
epidemiological and pathological characteristics of SARS in the fol-
lowing content.

Children have low incidence and low infectivity

At present, most of the reported cases in children are clustered cases
caused by close contact, known as “second generation” infection. The
sporadic features of the disease is particularly obvious in the areas
outside of Wuhan [11]. Recently, as the epidemic in China has been
gradually brought under control, especially after the release of some
statistics of Hubei province, we can see more intuitively that the in-
cidence of children is significantly lower than that of adults [12],
newborns and infants are less susceptible than adolescents [2]. The
incidence of COVID-19 in children is 2.4% according to 2019 Report,
and it is worth noting that some cases of covert infection may not be
detected [3,13]. Very few neonatal deaths had been reported [14].

The epidemiological investigations of SARS are also consistent with
this conclusion. According to the statistics of 2003, the confirmed cases
of children under 14 years old accounted for only 2.7% (as of May 4) of
the total cases of SARS in Beijing municipality and 4.88% (as of April
27) in Guangdong province. 10 SARS children were admitted to a Hong
Kong hospital in 2003, eight of whom had been in school before they
were confirmed but had not spread the disease to other students [4].
Children and adolescents might be susceptible to SARS-CoV infection if
they had close contact with confirmed patients, but the clinical course
and outcome are more favorable in children younger than 12 years of
age compared with adolescents and adults. Transmission of SARS from
pediatric patients appears to be uncommon but is not impossible [15].
Only a few cases of child deaths or transmission of the disease to adults
as a source of infection have been reported. These observations raise the
question of whether children have natural resistance to these two cor-
onaviruses.

Clinical manifestations

Most children have milder or atypical symptoms

COVID-19 was divided into four clinical subtypes according to the
severity [16]: light type, normal type, severe type and critical type.
Fever, dry cough, fatigue are the main symptoms. However, children
with severe or critical illness may have moderate or low fever, or even
no significant fever [17].

Compared with adult cases, children tend to have milder symptoms,
shorter disease course and generally better prognosis. Fever is the main
symptom in most children, the fever duration is 2–3 days, up to 8 days,
most within 1 week. Some children came to see the doctor due to
gastrointestinal symptoms. According to 2019 Report, a very small
proportion of those aged under 19 years especially with some basic
diseases, have developed severe (2.5%) or critical disease (0.2%).
Children with fever account for a relatively large number of the cases,
which is convenient for early identification and diagnosis and con-
tribute to fewer severe cases. There are no death cases in children under
9 years of age [18]. As the coverage of the nucleic acid test became
wider, more and more asymptomatic patients were diagnosed, and the
majority of them were young people [19,20].

Lymphocyte function was not seriously impaired in childhood cases

Routine blood tests in most patients show typical signs of viral in-
fection, with normal or reduced white blood cell counts and reduced
lymphocyte counts in early stage. In severe cases, d-dimer increased
and peripheral blood lymphocytes progressively decreased, and cyto-
kines were apparently accumulated [21]. Compared with 120 healthy
controls, the absolute value of lymphocytes (0.87 vs 2.13 × 109/L) and
the percentage (19.5% vs 33.7%) were significantly reduced [22].
Another study showed that 25% and 63% of the patients had leuko-
penia and lymphocytopenia, respectively [11].

Most viruses induce cell-mediated immune responses as well as
humoral immunity. The main cells involved in cellular immune re-
sponse include CD4+ T cells and CD8+ T cells. The virus activates
primary CD4+ T cells which are involved in cell-mediated immune
response. CD8+ T cells kill virus-infected target cells mainly by direct
contact [23]. However, the vast majority of COVID-19 patients showed
reduced lymphocytes. The proportion of CD4+ T cells decrease in mild
and severe patients was 52.90% and 95.24%, and CD8+ T cells de-
crease was 28.40% and 61.90%, respectively [24]. Further anatomical
and pathological findings showed that the state of T lymphocytes was
overactivated, and CD8+ T cells had a high concentration of cytotoxic
particles, thus causing serious immune damage [25]. In addition,
compared with the mild group, the increase of serum inflammatory
factors in the severe group significantly increased the risk of further
tissue damage caused by cytokine storms [11]. The progressive in-
creases in IL-6 and C-reactive protein as warning indicators of critical
illness in adults [16]. Single-cell RNA sequencing of the bronch-
oalveolar lavage fluid of COVID-19 patients showed the proportion of
macrophages in severe patients was higher, with more SPP1+ and
FABP4+ subsets rather than FCN1+ macrophages. While the propor-
tion of CD8+ T cell and NK cells in mild patients was higher [26].

However, in most children patients, the white blood cell count and
absolute number of lymphocytes in the peripheral blood were normal.
In a few severe cases, the total number of white blood cells decreased,
with decreased absolute number of T lymphocytes, and changes in T
lymphocytes subsets, C-reactive protein was usually normal or tem-
porarily increased [13]. In children with COVID-19 and SARS, the
maintenance of T cell function may be related to thymic development.
The thymus is the site of T cell development, and its absolute weight is
the largest between 6 and 13 years old. More evidence is needed to
confirm that differences in cellular immunity between children and
adults are related to this phenomenon.

Children are frequently exposed to pathogens

Frequent childhood vaccinations and repeated pathogens infections
have resulted in children who are exposed to various antigens.

China implements immunization policy

Immunization is considered one of the greatest public health
achievements of the 20th century due to its important interventions for
human health. The popularity of smallpox vaccine, Mycobacterium tu-
berculosis vaccine (Bacillus Calmette-Guérin, BCG), oral polio vaccine
(OPV) and measles vaccine has reduced morbidity and mortality
worldwide. Human smallpox has been eradicated and polio is also a
disease to be overcome by immunization. China has officially become a
polio-free country in 2000.

China's basic immunization policy mainly targets children (HepB,
BCG, IPV, OPV, DTaP, DT, MR, MMR, JE, MPSV, HepA) to receive
mandatory vaccines. These vaccines will prevent 12 diseases in total.
Children should complete basic immunization at 6 years old and com-
pensate the missing vaccines before 14 years of age [27].

Infectious diseases rank second in the global cause of death.
Children and the elderly are the most susceptible groups to infectious
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diseases, especially infectious diseases of the respiratory system.
Common infectious diseases in children are divided into viral infections
and bacterial infections, some of which have been covered by manda-
tory vaccines. Preventive vaccines have also been developed for influ-
enza, hand-foot-mouth disease, and Streptococcus pneumoniae (S.p)-re-
lated respiratory diseases, although which are currently non-mandatory
vaccines in China. With the gradual increase up-take rates, the pre-
vention of these diseases will become increasingly apparent.

Mixed infection complicates the immune response

Mixed infection was more common in children's community ac-
quired pneumonia (CAP) with a rate of 16.02%–34.63%. Viral infection
is particularly important in the initial stage of infant CAP. Viral infec-
tion can directly invade bronchial epithelial cells, destroy the mucosal
barrier, and cause immune disorders in the body and lungs. The de-
tection rate of influenza virus in children's CAP is 4%–22%, and ade-
novirus-related pneumonia accounts for about 4%–10%. On this basis,
it is easy to combine other pathogen infection, such as other virus,
bacteria, fungi, mycoplasma. The infection rate of dual viruses was
19.1%–30.0%, like respiratory syncytial virus (RSV) and influenza
viruses. The rate of virus-bacteria coinfection can reach 31%, which
accounts for a high proportion in all age. S.p is the most common mixed
infection bacteria. RSV+ S.p is the most common pattern of mixed
infection. More than half of mycoplasma pneumoniae-related pneumonia
has mixed infection.

In this state of mixed infection, the immune response tends to be
more complicated. Take RSV infection as an example, N protein of RSV
is one of the target antigens for cytotoxic T cells (CTL), whereas the G
protein was not recognized and can at best represent a minor target
antigen for CTL [28]. CD4+ and CD8+ T cells were productively in-
fected by RSV in pediatric patients. Infection decreased IL-2 and IFN-γ
production. The frequency of CD4+ RSV+ T cells positively correlated
with disease severity [29]. IFN-γ and TNF produced by CD8+ T cells
following RSV infection contributed to both the acceleration of virus
clearance and the induction of immunopathology. The actions of a
variety of cytokines, including IL-10 and IL-4, played a critical role in
the regulation of CD8+ T cell effector activity [30]. The coinfection of
RSV and S.p increased cytokine secretion and inflammatory cells in-
filtration in the airway. More importantly, when the G protein on RSV
binds to S.p-related receptors, it can change the transcription level of
S.p-related genes and significantly increase the virulence of S.p.

SARS-CoV-2 has 16 antigenic components, which can cause dif-
ferent responses. The stimulating effect and the response duration of
these components on CD4+ and CD8+ T cell subsets differ from one
another. If SARS-CoV-2 co-infects with other pathogens, the immune
disorders will be more difficult to correct as can be expected. Clinical
data shows the prevention and treatment of coinfections in hospitalized
COVID-19 patients, with 60–70% receiving antimicrobial treatment and
15% receiving anti-fungal treatment [31,32]. Candida was isolated from
4 airway specimens in a case report of patients with COVID-19 [33].
These Candida might come from the environment or the oral micro-
environment [34]. Thus preventing invasive fungal infections should be
an important part of treatment [35]. During the SARS epidemic in
2003, therapeutic regimen in Hong Kong recommended the use of
second-generation cephalosporin plus macrolide antibiotics in the pe-
diatric patients as the first step in response to coinfection [36].

Whether the relatively weak function or low expression of ACE2
receptor in children leads to the limited invasion pathway of the virus?
Lower expression of ACE2 in children will limit virus invasion pathway,
which will be responsible for avoiding large-scale outbreak in children.
Previous studies have found that the expression of ACE2 receptor is
inhibited in the infection of RSV, H5N1 and H7N9 avian influenza
viruses [37–39]. On the other hand, ambroxol, which is selected as a
potential ACE2 receptor binding agent by an artificial intelligence drug
screen system, may block the entering pathways of SARS-CoV-2, which

provides a valuable therapeutic approach for the prevention or reduc-
tion of acute lung injury (ARDS), or even kidney and heart injury
caused by SARS-CoV-2 [40]. Ambroxol is a common drug in pediatric
respiratory department due to the high incidence of respiratory tract
diseases among children. Whether a lasting effect on ACE2 of ambroxol
maintains and plays an immunoregulatory role faced with the invasion
of SARS-CoV-2 is worth exploring.

Possible immune regulatory mechanisms

The high frequency of infection and vaccination in children, to-
gether with the special immune system in childhood, make the chil-
dren's immune response to SARS-CoV-2 in a state of high immune
clearance and low immune response. In addition, various immune ad-
juvants in vaccines can directly promote the body's non-specific and
cellular immune function, make its innate immune trained, leading to
immune fitness [41].

Childhood past infection history might contribute to trained immunity

The concept of trained immunity was first proposed in 2011 [42]
and elaborated the characteristics of the innate immune system ex-
hibiting immune memory or non-specific effects (NSE) [43]. G.B.
Mackaness first proposed that bacterial infections may cause “cross-
protection” of other pathogens. This classic form of cross-protection is
mediated by lymphocytes, which release IFN-γ, thereby activating by-
stander macrophages, resulting in a temporarily enhanced innate im-
mune status against secondary infections, and this cross-protection
status will quickly disappear once the major pathogens have been
eliminated [44]. Contrary to this, Berg et al. found that memory lym-
phocytes can also mediate longer-term cross-protection as a byproduct
of adaptive immunity: CD8+ memory T cells can be activated by cy-
tokines (IL-12 and IL-18) in early stages of infection in an antigen-in-
dependent manner, leading to the production of IFN-γ and enhanced
response to subsequent infectious agents [45].

Memory T cells that are specific for unrelated pathogens might have
roles in protective immunity and immunopathology caused by hetero-
logous infectious agents [46]. Administration of BCG induces a trained
phenotype in circulating monocytes with increased capacity on se-
creting proinflammatory mediators, leading to non-specific protection
against unrelated pathogens. BCG vaccination also upregulates the
production of proinflammatory cytokines, such as IL-1β and IL-6 by NK
cells in response to the stimulation of M. tuberculosis and other patho-
gens. These characteristics of trained immunity indicate innate immune
cells (NK, DC and macrophage) to be the alternative target for vacci-
nation in order to generate more effective immune response. BCG,
which can live on the skin for up to a few months, not only triggers the
memory B and T cells characteristic of mycobacterium, but also sti-
mulates the blood cells for a long time. BCG prevents about 60% of
childhood TB cases, and may also enhance the immune to fight off 30%
of all known pathogens (including viruses). The world health organi-
zation concluded that BCG appeared to reduce overall mortality of
children.

Latest research proposed that national differences in COVID-19
impact could be partially explained by the different national BCG
childhood vaccination policies. According to their investigation, BCG
vaccination reduced the number of national reported COVID-19 cases
and outbreaks in countries without universal BCG vaccination are more
critical [47]. This result is consistent with our hypothesis, and makes
BCG vaccination a potential new tool in the fight against COVID-19.

Immune fitness tends to moderate the intensity of the immune response

Immune cells are able to clear the pathogen without causing a se-
vere inflammatory response, resulting in covert infection or mild to
moderate symptoms with short course, which is called immune fitness
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[41].The severity of the infection is not necessarily related to the load
of infection, but rather to host fitness, the balance between killing the
pathogen and tolerance. The low incidence and mild symptoms of
COVID-19 in children suggest that the immune system in children (in-
cluding neonates and infants) is well developed and functional. In the
past, the so-called immature infant immune system is actually that the
infant immune system has not been exposed to the corresponding an-
tigen and lacks immune memory, not that the immune function is low.

Multiple respiratory tract infections in childhood, among which a
large proportion are covert infections, apply the host with opportunities
of immune adaptation. At present, many cases of children with atypical
symptoms or covert infections had been reported. This phenomenon did
not only occur in children. After pathogen screening in close contacts
and suspected contacts, a large number of confirmed patients were
found with a high proportion of typical patients [3,11,12,19,48,49]. A
covert infection, like the effect of vaccination, is the best clinical phe-
notype for immune fitness. The reason why the lymphocyte function of
these patients maintains a moderate response and the immune home-
ostasis is maintained might be involved in immune fitness [41].

Children may have lots of memory T cells that target various anti-
gens. The study on T cell subsets in children with SARS showed that the
decrease of CD4+ and CD8+ T cells was not obvious, and confirmed
that the decrease of CD4+ and CD8+ T cells was closely related to the
degree of lung lesions. The absorption of inflammatory lesions in the
lung in children was relatively mild. At the same time, with the assis-
tance of T cells, B cells accelerated SARS-CoV-specific antibody pro-
duction in children, leading to higher positive rate than adults.

BCG promotes the production of Th1 phenotype in CD4+ T cells,
which secrete high levels of IFN-γ and have activity against intracellular
pathogens. Again, it produces CD8+ T cell activation, which mediates
the cytotoxic response. However, the TLR signal transduction stimu-
lated by the components of mycobacteria induces B cells to secrete IL-10,
and thus inhibits the activity of Th1 and Th17, which helps to suppress
the autoimmune response.

The macrophages and especially dendritic cells, recognize and
phagocytose pathogens, passing the information to the T cells. Immune
cells secrete cytokines to induce T cells to differentiate into different
functional subsets. Different viral infections cause different T cell re-
sponses. In HIV patients, the CD4+ cytotoxic T lymphocytes have a
protection role on virus infection [50]. CD45RA+ memory T cells is
highly enriched in dengue fever patients [51]. Lymphocytic chor-
iomeningitis virus results in depletion of T follicular helper(Tfh) co-
expressed by IL-10 and IL-21, which impaired humoral immunity and
viral control [52]. Bacterial infection also stimulates a strong T cell
response, such as Mycobacterium tuberculosis. Childhood vaccination
might have the potential to vary subsets of immune cells and molecular
markers, force the host to find a balance between killing pathogens and
immune tolerance.

Cross-protection has been paid attention to for a long time

SARS-CoV-2 is 79% similar to SARS-CoV and 55% similar to Middle
East respiratory syndrome coronavirus (MERS-CoV). By comparing the
sequences of several coronavirus genomes, the homology of non-
structural proteins and structural proteins in the coding region was 58%
and 43%, respectively. SARS-CoV-specific antibodies were able to
prevent SARS-CoV-2 from entering cells, indicating the presence of
antibody cross-protection between the two viruses [53].

In a latest long-term follow-up investigation to 2015, the serum
specific IgG levels in health care workers participating in the treatment
of infected SARS patients for up to 12 years [8]. At the late stage of the
epidemic and after the outbreak of SARS, more and more cases of covert
infection or asymptomatic infection with specific antibodies were re-
ported [54,55].

Since the incidence of SARS in children was relatively lower, many
studies at that time investigated the specific antibody levels of children

and speculated that children’s innate antibodies contributed to the
natural resistance to SARS-CoV. Various surveys published between
2003 and 2005 on this controversial issue [56–59]. A group from
Guangzhou held the opinion that the uninfected children had no spe-
cific antibodies. They confirmed the 1060 serum sample contained no
virus particles by immunofluorescence prior to the serum specific an-
tibody IgG and IgM detection, and only 2 cases of IgM and IgG antibody
test result is positive respectively, they considered these few positive
results for “false positive” of kits. This was at odds with a previously
news report [60]. Researchers detected antibodies in serum collected
from non-SARS children hospitalized for other illnesses in Beijing in
2001 and 2003 in order to exclude the possibility of covert infection in
2001. The positive rate was as high as 40% in both epidemic and non-
epidemic year. The positive rate decreased gradually with age and
down to zero in healthy adult control group, which led to the spec-
ulation that there were real differences between adults and children
[58]. Another survey found that the antibody positive rate of healthy
children and children was 2%, and the antibody positive rate of healthy
adults and patients was only 0.2%, which also agreed that there was a
significant difference between children and adults [56].

Prevention and control measures for COVID-19

In the current situation of virus outbreak, BCG vaccine, influenza
vaccine and pneumonia vaccine may have certain application potential
in the prevention and control of COVID-19. Emergency injections could
be considered for front-line health workers. However, for high-risk
susceptible populations, such as the elderly with basic diseases such as
hypertension and diabetes, it is necessary to explore the remedial effect
of the planned immune process on their immunity to achieve the im-
mune fitness, so as to improve their own antiviral ability.

The implementation of programmed immunization based on trained immune
and immune fitness may benefit the elderly with underlying diseases

We suggest a detailed immunization plan should be set for the el-
derly, after several years and multiple vaccines inoculated. Different
pathogens have different attack effects on immune cells, so it is ne-
cessary to map the detailed immune cells against the planned vaccine,
so as to achieve precise regulation of immune cells and inflammatory
factors. Eleven T and B lymphocyte tests were used to analyze the
changes of specific immune cells. Single cell RNA sequencing could
demonstrated dynamically change the gene spectrum, host cell antiviral
factors, and immune cell subsets that might cause cytokine storms.
Finally, an appropriate immunization program was found that resulted
in trained immune and immune fitness to protect the elderly population
from lethal infection.

New insights can be gained from emergency immunization

Emergency immunization, also known as contingency vaccination
(CV), is aiming at protecting vulnerable populations in case of an in-
fectious disease begins to spread or there is a sign of epidemic. It fol-
lows the basic theories of vaccination and carry out emergency vacci-
nation on specific populations in epidemic areas to achieve the purpose
of preventing epidemic disease. For example, students and staffs must
be equipped with contingency vaccination in case of the outbreak of
measles in schools. Emergency vaccination is of special significance to
curb the spread of infectious diseases.

Unfortunately, SARS-CoV-2-targeted vaccines have not yet been
developed, but innovation proposals or hypothesis of new therapies,
such as blocking agents of ACE2 receptor or ACE2 immunoadhesin
strategy have been reported [61]. Here we assume that some provi-
sional substitute candidates will work. Due to the same pathogenic
mechanism [62], adjusted SARS-CoV-targeted vaccines can come in
handy timelier. Vaccines for influenza may also make a difference in the
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orientation of Th1/2 response. The S-glycoprotein of SARS-CoV-2 has
certain similarities with the HA glycoprotein of several influenza
viruses. It is not optimal, but the safety of commercial influenza vac-
cines has been confirmed [63]. Pneumococcal conjugate vaccine and
23-valent pneumococcal polysaccharide vaccine may have some pre-
ventive effects on coinfection. Equipping confirmed COVID-19 patients
with these vaccinations as emergent prophylaxis may prevent severe
illness caused by secondary infection, in the meantime, it may mobilize
the host's lymphocyte response to the opposite direction in response to
SARS-CoV-2.

Researchers in four countries (the Netherlands, Australia, Germany,
and the United Kingdom) will soon begin clinical trials of vaccines for
SARS-CoV-2 using unconventional methods. They will test whether a
century-old BCG can broadly improve the body's immune system,
making it better able to fight SARS-CoV-2, or prevent its symptoms
from getting worse. The study will be administered to people at high
risk, including doctors and nurses, and to older adults [64].
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