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The COVID-19 pandemic has raised many issues not the least of which is the reason for its high variability
in consequences to the infected person. In this opinion letter, we advocate that the dose and presentation
of the infecting virus is a major factor that affects whether the outcome is subclinical, tissue damaging or
even lethal following infection. We briefly describe the known effects of virus dose on the course COVID-
19 and discuss practical maneuvers as well as largely untested procedures that can raise the threshold
dose needed to break through barriers of resistance.

© 2021 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
In the annals of infectious diseases, 2020 has been an annus
horribilis. It began with the world learning about a new disease
caused by an unfamiliar agent called a coronavirus. The virus was
named SARS-CoV2 and usually referred to as COVID-19. Since early
2020, COVID-19 has caused a worldwide pandemic, infecting mil-
lions and killing more than one and a half million people. Down the
millennia, the world has experienced many pandemics two of
which, the Black Death and small pox have shaped human history.
Conceivably, COVID-19 could join this infamous list given its impact
on our lifestyle, economy and our future. Recently, effective vac-
cines have been produced and these may help resolve the
pandemic. However, much still needs to be understood most
especially why the consequences of the infection vary so markedly.
While the majority of people have inapparent or minimal conse-
quences, others suffer severely and may succumb to the infection.
As Shakespeare might proclaim: COVID-19: disease, or no disease,
that is the question. To which a famous politician might well
answer: It’s the dose stupid!

Whether or not any virus infection has clinical consequences
depends on multiple variables that involve the virus, the host ge-
netics, comorbidities, and the circumstances of infection. We and
others have discussed this topic in depth [1,2]. With respect to
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initial infection, the most critical variable is the load and presen-
tation of the virus that infects. This variable has been extensively
investigated by experimental virologists, where it is possible to
accurately manipulate the number of viral particles given over a
unit of time as well as control the nature of the infecting dose. Since
none of these maneuvers are feasible with human viral diseases
acquired, we must rely on comparing the outcome of natural
infection in circumstances where we assume the load of infection
would differ. However, the message from virologists who use ani-
mal models is clear-cut for most viruses. The outcome includes a
spectrum of responses. Minimal infection loads will elicit no clin-
ical or pathologic reactions and the virus would be silently
controlled mainly by the innate immune system [2,3]. Most viruses
can induce the production of interferons (IFN), which participate in
terminating viral infections in a number of ways [4,5]. For example,
type I IFN acts primarily, but not exclusively, to protect uninfected
cells from being infected.

If the load of infection is raised to moderate levels, clinical dis-
ease and tissue pathology becomes more a likely possibility [1e3].
Thus, innate immune defenses are inadequate to stop the virus
from causing some overt damage, but under such circumstances
adaptive aspects of immunity, which includes antibodies and T
cells, are almost invariably elicited to help control the infection
although in so doing may cause a tissue-damaging inflammatory
reaction [1]. Usually, the combined activity of innate and adaptive
immune mechanisms succeed in clearing infection, but this sce-
nario does not always occur and it becomes increasingly unlikely, as
d.
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the load of infection is further increased. With some viruses, the
eventual fate is the host’s demise, although killing its host is not an
ideal situation for a virus when viewed from an evolutionary
perspective. Fortunately for us few viruses achieve such an
outcome [6,7], but the new pathogen COVID-19 is an example
where lethality is on the menu. Nevertheless, whereas almost all
countries are experiencing the COVID-19 pandemic, the frequency
of lethality is very different. We have suggested one explanation for
the variable outcome in a recent opinion piece [8]. We advocate
that frequent exposure tomicrobes, as is more likely to occur in less
hygienic living conditions, will train innate aspects of immunity to
function more effectively and reduce the viral burden infection
below levels that are potentially lethal [9].

It seems obvious that wearing masks and staying some distance
from potential sources of infection will serve to limit the exposure
dose of SARS-CoV2. For example, countries like Taiwan, which has
been extraordinarily successful at limiting infection, and especially
mortality may provide some guidance [10]. Taiwan successfully
implementedmask wearing, social separation and strict quarantine
practices backed up by an excellent government health system. In
contrast, in countries such as the USA mortality is greater probably
because its citizenship is far less compliant with those measures
that reduce the magnitude of infection. Curiously, in the early days
of the pandemic, mortality rates were far higher in Italy than in
Germany, a situation that likely reflected the affectionate greeting
customs of the Italians, which would expose them to higher loads
of COVID-19 infection [11].

If, as we advocate, the load of infection received during initial
infection is a crucial paradigm what can we do to limit this sce-
nario? The first and most obvious approach is to employ strategies
that minimize the magnitude and effective formulation of the virus
exposure dose. We know that COVID-19 is mainly a respiratory
pathogen, which is transmitted primarily in the form of aerosols or
droplets in the expired air of actively infected persons. The levels of
virus expelled are greater by 20e30 foldwith symptomatic patients
as compared to those without symptoms [12]. Infectious virus can
also remain for a time on fomites, although this is not thought to be
a major source of infection [12]. Infected persons can produce
virus-containing droplets ranging in size from 0.1 to 1000 mM, of
which the largest settle rapidly and the smallest quickly evaporate,
desiccating and soon destroying the virus [12e14]. The most
dangerous droplets are those around 0.4 mM since these can access
the lower lungs to set the scene for potentially damaging and lethal
lesions. Such small droplets may even avoid triggering the innate
immune defenses in the upper mucosal microenvironment [15].
Virus containing droplets can be expelled two meters or more with
opera singers, trombone players and loud politicians being the long
distance champions! Moreover, with COVID-19 infection some
persons become so-called super spreaders and can dispel 100,000
virion containing droplets per minute whereas with most symp-
tomatic patients it is closer to 1000 particles per minute [16]. Un-
fortunately, super spreaders normally are not identified. In
consequence, measuring not only the presence, but also the
amount (dose) of virus in infected persons would be valuable in-
formation to help control the pandemic.

There are simple ways to minimize the exposure dose of SARS-
CoV2. These include staying out of the transmission range of
potentially infected persons (the practice popularly referred to as
social distancing) and/or be equipped with a barrier of some form
that will limit, if not entirely prevent, infection i.e., a mask or
screen. Actually, there is some evidence that precluding infection
entirely may not always be an ideal scenario. Thus, cutting down
the infection dose by wearing a mask can change a disease-
producing dose to the one that causes asymptomatic or mild
infection, but is still capable of inducing adaptive immunity
2

[17e19]. There is good reason to believe that small doses of infec-
tion provide minimal danger particularly to young healthy persons.
This raises the question whether procedures can be developed that
would make high exposure doses less dangerous perhaps even to
those with underlying health problems such as diabetes and
morbid obesity. Likely, there are ways of achieving this objective,
but such therapeutic approaches to control infection have not been
adequately explored.

One approach, however, recently became worldwide news
when the US President, after acquiring COVID-19 infection, was
exposed to an aggressive treatment regimen of high titer (much
higher than the general public usually receives) neutralizing
monoclonal antibodies along with an intravenously administered
antiviral drug. This treatment would succeed in dramatically
inhibiting the amount of virus produced and likely preclude it from
reaching a disease-producing dose. Conceivably early aggressive
antiviral therapy might be valuable to others, but few can receive
such medical help in a timely or affordable fashion. We contend
that a more generally accessible and less costly strategy could be to
use approaches that raise the threshold dose of virus needed to
become overtly pathogenic. One approach advocated to mitigate
damage caused due to COVID-19 is to use the anti-tuberculosis
vaccine Bacillus CalmetteeGu�erin (BCG). This approach is ex-
pected to activate some aspects of innate immunity and may also
prime cross-reactive T cell responses to exert protective effects via
their release of cytokines and organizing inflammatory reactions
[20]. Trials are underway and hope for their success is fueled by
reports that the prevalence of lethal COVID-19 is less in commu-
nities where BCG is still practiced.

Another approach, we favor that could boost innate immunity
and raise the threshold dose required to cause damaging infection
is to infuse molecules such as S-type lectins, also known as galec-
tins [21]. Some galectins act to activate some aspects of innate
immunity such as NK cell function and as a bonus can potentially
reduce viral loads by directly binding to heavily glycosylated viral
proteins involved in viral entry into cells [21]. However, using
molecules such as galectins to block susceptibility to COVID-19
have yet to be explored or at least reported. Some members of
the galectins family may also be useful to switch the balance of T
cell reactions to COVID-19 in the lungs from a pattern that is highly
damaging to one that favors recovery. This transition can be ach-
ieved when the functional type of T cell is changed from a situation
where Th1 and Th17 T cells predominate to one where T regulatory
cells are more numerous [20]. This occurs when galectins such as
galectin 9 are administered during an inflammatory process as was
shown in some models of autoimmunity [22] and in some viral-
induced inflammatory lesions [21]. The approach could be worth
investigating in those suffering severe COVID-19 lung lesions.

With regard to boosting the innate immune barrier towithstand
higher doses of COVID-19 infection as for most infections interferon
response is critical and coronaviruses are adept in blocking IFN
response in the host cells [23,24]. Interferons exert a range of ac-
tivities that include making susceptible uninfected cells resistant to
infection and modulating some protective aspects of inflammatory
responses serving to facilitate recovery. There are approaches that
induce interferon responses to raise the resistance barrier such as
poly IC to activate TLR3. Additionally, it would be possible to
administer interferon proteins directly into the upper respiratory
tract that would succeed in raising resistance to high dose expo-
sure. Such an approach could be used for prophylaxis or in the early
stages of COVID-19, but so far this strategy has not been reported.

Finally, once infection has occurred it should be possible to
successfully diminish virus replication and therefore diminish the
pathological consequences by using humanized neutralizing anti-
bodies in very high doses. The controlled trials are currently
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ongoing, but the data is not available from such studies. Many
groups are pursuing the development of such antibodies or their
shorter variants as well as using convalescent plasma to treat
infected patients early after infection. However, the success of such
procedures so far has been variable. One approach to diminishing
the viral yield after infection, so far untried, that we favor is to
develop single domain antibodies (sdAbs) of camelid origin [25,26].
Such sdAbs are less immunogenic, can be produced in abundance in
usable formats, remain soluble and stable even at elevated tem-
peratures thereby enhancing their durability in functioning [25,26].
Furthermore, such antibodies can be injected via intranasal routes
to neutralize the virus limit its infecting dose and will cause no
antibody dependent enhancement of infection.

We can conclude that an important variable that affects the
outcome of infection with COVID-19 is the dose of exposure to the
virus that a person receives. We also advocate that it is possible to
raise the threshold dose that would be needed to cause serious
infections by treating persons early after exposure with some so far
poorly exploredmaneuvers (Fig.1). Of course the long time solution
to control any virus is with an effective vaccine and these are now
available. It is likely that the vaccines against COVID-19 will not
provide the levels and duration of protection achieved by measles
or poliomyelitis vaccines. In fact, some genetic based vaccines are
now being used in the USA and other countries and these appear to
afford protection very rapidly. This might be attributed to their
inducing a type IFN response [27,28], which could occur by ligating
cytosolic innate immune receptors, such as toll like receptors
Fig. 1. A cartoon demonstrating the influence of dose of infection on COVID-19
disease and some potential maneuvers to limit the infecting dose. Depending on
the infecting dose the spectrum of COVID-19 disease ranges from asymptomatic to
mild and severe disease. While the mild infections resolve with favorable outcome,
severe disease invariably requires intensive care and some individuals eventually
succumb to the infection. Interventions such as shielding devices and social behavior,
vaccines, promotion of innate immune function, infusion of host derived or recombi-
nant molecules such as type I IFNs, galectins, high affinity monoclonal antibodies or
their variants as well as effective anti-viral drugs could reduce the initial dose of virus
infection. The question mark represents uncertain efficacy of currently used anti-viral
drugs. It is to be noted that the newly emerging variants such as the B.1.4.3 (N501Y)
which appear to be transmitted more efficiently than parent strains and bind the
cellular entry receptors with higher affinity. It is conceivable these variants might
induce a patent infection at lower doses of infection than the parent strain.

3

(TLRs), retinoic acid inducible gene-1 like receptor (RLR) to offer a
broad based protection against different viruses including against
COVID-19. This short-term phase of protection by the genetic vac-
cines is followed by inducing adaptive immunity which appears to
be initiated by 9 days post immunization, but how long and how
effective this protection is sustained needs to be established.
However, even though COVID-19 vaccines may not provide long
term sterile immunity, they should succeed in raising, perhaps
substantially, the dose of virus needed to establish infection and
cause significant clinical disease.
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