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a b s t r a c t 

Humanity has regularly faced the threat of epidemics and pandemics over the course of history. Successful at- 
tempts to protect populations were initially made with the development of new vaccines, such as those against 
plague and cholera, under the leadership of the bacteriologist Waldemar Haffkine. Vaccines have led to a complete 
eradication of smallpox and bovine plague and a major reduction in other infectious diseases including diphthe- 
ria, typhoid fever, poliomyelitis, and Haemophilus influenzae type B meningitis. While a few coronaviruses have 
been identified that seasonally infect humans causing mild symptoms, the emergence of a new zoonotic severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has rapidly triggered the ongoing coronavirus disease 
2019 (COVID-19) as a global pandemic responsible for widespread mortality. The severe phenotypes of COVID-19 
resemble a previous infectious threat that was initially designated as hospital fever and puerperal fever, presently 
known as sepsis. A SARS-CoV-2 infection has frequently been considered as a form of viral sepsis (owing to com- 
mon features with bacterial sepsis) but is also associated with an array of specific and unique symptoms. Rapid 
progress in anti-SARS-CoV-2 vaccine development, in particular, the design of efficient messenger RNA (mRNA) 
and recombinant adenovirus vaccines, is crucial for curbing the pandemic. 
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 twenty-first century historic pandemic following many others in 

he chronology of humanity 

The word “pandemic ” was used as early as 1674 by the
utch physician Gideon Harvey (1636–1702) in his work enti-

led “Morbus anglicus or a theoretick and practical discourse of
onsumptions and hipochondriack melancholy. ” In 1828, Noah
ebster included the term in his “American spelling book, ” cur-

ently known as the Webster dictionary. In 1800, Webster pub-
ished a book entitled “A brief history of epidemic and pestilen-
ial diseases. ” Associations between epidemics and pandemics
nd the countries from which they were alleged to have emerged
ave been regularly reported, some of which are false. For ex-
mple, the 1889 “Chinese influenza ” was not of Chinese origin
ut emerged from the Kirghiz steppes of Russia [1] , and the fa-
ous 1918 “Spanish flu ” originated from Kansas, USA (and not

rom Spain). The first well-described epidemic/pandemic was
he Athens plague (430 BCE) recorded by Thucydides, an Athe-
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ian historian, who also observed that individuals who survived
n earlier plaque during the Peloponnesian war between Sparta
nd Athens were protected from the subsequent disease, specif-
cally “the same man was never attacked twice — never at least
atally. ” The nature of that pandemic is disputed but historians
ttribute it to typhus. Galen (129-c. CE 216), a Greek physi-
ian, described the symptoms and the course of the Antonin
lague (166–189) as caused by smallpox. The Justinian plague
ncompassing the entire Mediterranean Basin (541–542) was
he first known pandemic, referred to as bubonic plague. The
ost lethal plague pandemic was the Black Plague (also known

s Pestilence, Black Death; 1331–1352), which led to the deaths
f 75–200 million people throughout Europe, Asia, and Africa.
n June 20, 1894, Alexandre Yersin (1863–1943), sent by the

nstitut Pasteur to study a plague epidemic in Hong Kong, iden-
ified Yersinia pestis as the causative bacillus. 

Cholera also constitutes a historical threat for major cities.
ohn Snow (1813–1858), a British physician, performed the
riginal epidemiological study that led to the identification of
 specific water pump in London responsible for the local epi-
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emic. The bacillus Vibrio cholerae was originally discovered
n Italy in 1854 by Filippo Pacini (1812–1883), and later it
as re-identified in 1884 by Robert Koch (1843–1910) after
is travel to Alexandria (Egypt) and during his stay in Calcutta
India) to study local cholera epidemics. Of note, Louis Thuil-
ier (1856–1883), one of the members of the Institut Pasteur re-
earch team sent to Alexandria with Émile Roux, Isidore Strauss,
nd Edmond Nocard to investigate cholera, succumbed to the
isease. 

Even though numerous epidemics/pandemics have left a
eadly imprint on the history of humankind, the advent of the
oronavirus disease 2019 (COVID-19) pandemic was wholly un-
xpected. Officially, COVID-19 was reported as an outbreak in
uhan (China) for the first time in December 2019. However,

evere acute respiratory syndrome coronavirus 2 (SARS-CoV-
) was apparently circulating in the human population earlier
han this time, since imported cases were identified a posteriori
n Italy and France in September and November, respectively
 Fig. 1 ] [ 2 , 3 ]. The first case outside China was reported in Thai-
and (January 13, 2020) and the first case in the USA was re-
orted on January 21, 2020. The genetic sequence of this new
ARS-CoV-2 was released early [Fig. 1] . Based on its homol-
gy with previously identified SARS-CoV and existing knowl-
dge on SARS-CoV-1, the nature of the SARS-CoV-2 receptor
angiotensin-converting enzyme 2 (ACE2)] was rapidly deter-
ined. 
While an estimated 3204 coronaviruses exist in bats [4] , only

ix have been identified in humans to date, including two al-
ha coronaviruses (229E and NL63) and two beta coronaviruses
OC43 and HKU1) that trigger common colds. In 2003, a dif-
erent coronavirus epidemic caused by the SARS-CoV-1 virus
merged in Guangdong, China. Symptoms analogous to the com-
on cold, such as low-grade fever, muscle aches, and dry cough,
ere the first indicators of infection, frequently followed by uni-

ateral or bilateral pneumonia. A total of 8096 people in 29
ountries got SARS and 774 of them died [5] . In 2012, another
oronavirus was identified in Saudi Arabia as the cause of the
ig. 1. Timeline of some key events associated with the early period of the COVID-1
isease 2019; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2. 

5 
o-called “Middle East respiratory syndrome ” (MERS-CoV) asso-
iated with a wide range of symptoms, such as mild fever and
espiratory signs, upper respiratory tract infection, diarrhea, and
eakness to lethargy. Severe cases showed progressive infection
f the lungs and respiratory failure, renal failure, and multiple
rgan failure. A total of 2442 cases were reported, leading to
42 deaths [6] . 

epsis: a recurring disease 

The word “sepsis ” means putrefaction in Greek. The term sep-
icemia was coined by Pierre Piorry in 1837, and present-day
epsis is recognized as the consequence of dysregulated host re-
ponse to infection associated with organ failure [7] . In the past,
epsis was mainly reported within two populations: (1) hospi-
alized pregnant women who frequently died after delivery of
o-called puerperal fever [a term coined by Edward Strother
1675–1737) in 1718] and (2) wounded soldiers admitted to
eld hospitals. These patients would acquire nosocomial fever,
osocomial typhus, or nosocomial gangrene (nosocomial is a
atin word meaning “from the hospital ”), later also referred to
s putrid fever, hospital gangrene, or hospital fever. Appropriate
ygiene as a countermeasure was soon advocated by Ignaz Sem-
elweis (1818–1865) in 1847 in Vienna and Florence Nightin-

ale (1820–1910) in her hospital ward in the barracks of Scu-
ari (Turkey) in 1854 [8] . In 1850 and 1858, respectively, two
hysicians were the first to consider puerperal fever and hospi-
al fever as similar entities: James Simpson (1811–1870), Presi-
ent of the Royal College of Physicians of Edinburgh, known for
is demonstration of the usefulness of chloroform as an anes-
hetic, and Armand Trousseau (1801–1867), a member of the
rench Academy of Medicine, who as a young doctor was con-
ronted with the yellow fever epidemic in Southern France and
ibraltar as well as to a Parisian cholera epidemic. Most of these
ases of sepsis were of bacterial origin. Interestingly, the word
virus ” was used in early works, given its Latin meaning of poi-
on or venom, and thus by extension, an organic substance ca-
9 pandemic. ACE2: Angiotensin-converting enzyme 2; COVID-19: Coronavirus 



J.-M. Cavaillon and M.F. Osuchowski Journal of Intensive Medicine 1 (2021) 4–13 

p  

P  

“  

n  

r  

1  

f  

V  

c  

a  

s  

l  

s  

a
 

i  

s  

c  

d  

s  

R  

t  

w  

p
 

T  

H  

p  

h  

(  

c  

v  

T  

s  

a  

c  

w  

m  

p  

1  

1  

[  

l  

t  

h  

t  

t  

b  

1  

a  

S

S

 

b  

n  

m  

a  

l  

u  

i  

c  

l  

t  

a  

c  

P  

C  

t  

a  

i  

t  

I  

t  

g  

h  

s  

o  

a  

t  

s  

t  

v  

f  

c  

v  

o  

l  

o  

i  

l  

w  

t  

t  

p  

[
D  

i  

d  

(  

[  

H  

s
 

f  

a  

d  

e  

e  

d  

m  

t  

d  

c  

i
 

f  

b  
able of transmitting a disease. For example, in 1575, Ambroise
aré (1510–1590), a royal surgeon at the French court, wrote:
The virus will swarm and travel through the veins, artery and
erves to the noble parts as we see the fire along a harquebus
ope ”. Claude Pouteau (1724–1775), a French surgeon, wrote in
775 about hospital gangrene: “This irritating fever ignited by a
oreign virus. ” In 1839, Sir Henry Holland (1788–1873), Queen
ictoria’s physician (and cousin of Charles Darwin), wrote: “We
an consider the animalcules brought by the air or by humans
s the source of the disease, in a form non-recognized by our
enses, or by any other direct means of research, but nonethe-
ess subject to certain laws of propagation and dissemination
imilar to those of other species and producing the virus that
cts deleterious to the human body. ” [9–11] 

Through the centuries, sepsis has killed many famous people,
ncluding the daughter of a future pope (Lucrece Borgia), mu-
icians (Lully, Rossini, Manet and Mahler), scientists and physi-
ians (Hertz and Semmelweis), kings and state leaders (Alexan-
er I of Greece, Rainier III of Monaco and Pope John Paul II),
portsmen (Socrates and Mohammad Ali), actors (Christopher
eeve), and explorers (Lord Carnarvon). Unfortunately, even in

he twenty-first century, sepsis remains a serious health threat
orldwide. In 2017, WHO recognized sepsis as a global health
riority [12] . 

Puerperal fever has been regularly reported as an epidemic.
he first officially recorded outbreak occurred at the Hôtel Dieu
ospital in Paris in 1646. In 1795, during an epidemic of puer-
eral fever in Aberdeen (Scotland), and later in 1842 in Birming-
am, Alexander Gordon (1752–1799) and John Thomas Ingleby
1794–1845) independently recognized that the hands of physi-
ians were the origin of contamination, an observation further
alidated in Boston in 1843 by Oliver W. Holmes (1809–1894).
he COVID-19 pandemic shares a common feature with earlier
epsis epidemics/pandemics, in particular, in-hospital spread
nd acquisition, especially in the early phase. Among the early
ases in Wuhan (China), 44% of 179 SARS-CoV-2 infections
ere hospital-acquired [13] . However, the contamination pri-
arily threatened the attending medical personnel rather than
atients. Nevertheless, in a major teaching hospital in London,
5% of COVID-19 inpatient cases between March 2 and April
2, 2020, were either definitely or probably hospital-acquired
14] . In contrast, between March 7 and May 30, 2020, at a
arge US academic medical center with rigorous infection con-
rol measures, nosocomial COVID-19 was very rare during the
eight of the pandemic in the region [15] . Even after the ex-
reme contagiousness of SARS-CoV-2 was established and pro-
ective equipment widely introduced (e.g., face masks), findings
y Santé Publique France on 2328 clusters during September
4–20, 2020, revealed that 9.8% of COVID-19 infections were
cquired in health institutions and 13.0% in nursing homes [16] .

evere COVID-19: a viral sepsis? 

imilarities and differences between COVID-19 and bacterial sepsis 

A direct inference between sepsis and severe COVID-19 has
een made, although limited information is available about this
ew global disease. This emerging concept advocates that the
ost severe cases of SARS-CoV-2 infection could be considered

s a form of viral sepsis [17–19] . However, this alleged simi-
6 
arity appears to be too hastily made, and, in many instances,
njustified. Based on present reports, one of the most striking
ncongruities is an association of SARS-CoV-2 infection with a
ytokine storm. Comprehensive analysis of the reported abso-
ute values of circulating cytokines in COVID-19 patients and
heir comparison with other critical care conditions revealed
 discrepancy in the cytokine storm theory [20–23] . Several
omparative studies have focused on this issue. The groups of
ickkers and Deutschman compared circulating cytokines in
OVID-19 vs. acute respiratory distress syndrome (ARDS) pa-
ients, sepsis patients with or without ARDS, trauma patients,
nd those with out-of-hospital cardiac arrest [ 24 , 25 ]. Consider-
ng the bloodstream readouts, a “cytokine drizzle ” rather than
he storm was characteristic in the most severe COVID-19 cases.
n contrast, a major cytokine storm appeared to occur within
he lungs. A transcriptome of bronchoalveolar lavage cells sug-
ested a robust innate immune response, chemokine-dominant
ypercytokinemia, and interferon-inducible gene (ISG) expres-
ion, exhibiting pathogenic potential with overrepresentation
f genes involved in inflammation [ 26 , 27 ]. The above results
re suggestive of the so-called compartmentalization [28] of
he cytokine expression profile, in turn, implying that exces-
ive pro-inflammatory cytokine release, albeit at defined loca-
ions and not necessarily systemic, may be a hallmark of se-
ere COVID-19. Notably, major coagulopathy/endotheliopathy
eaturing disseminated intravascular coagulation and thrombo-
ytopenia have been frequently associated with the most se-
ere cases of sepsis [29] and the lungs are the most common
rgan to fail first in sepsis patients [30] . Interestingly, acute
ung injury (ALI) and ARDS constitute common complications
f sepsis [31] . In severe COVID-19 cases, lung disease is specif-
cally characterized by diffuse alveolar damage with perivascu-
ar T-cell infiltration, severe pulmonary vascular endothelialitis,
idespread thrombosis with microangiopathy, and peculiar in-

ussusceptive angiogenesis [32] . Other similarities between bac-
erial sepsis and COVID-19 include the occurrence of severe lym-
hopenia [33] and apoptosis of splenic and lymph node cells
34] . While major reduction of Human Leukocyte Antigen –
R (HLA-DR) expression in circulating monocytes is detected

n COVID-19 patients similar to bacterial sepsis [35] , the re-
uced capacity of monocytes to produce inflammatory cytokines
after ex vivo stimulation) typically observed in sepsis patients
36] does not seem to occur in COVID-19 infection [ 37 , 38 ].
owever, ex vivo cytokine production by activated T-cells is

trongly reduced in COVID-19 patients [23] . 
Another common feature is the ambiguous role of type I inter-

eron. The yin-yang property of the type I interferon cytokines is
 signaling hallmark in most bacterial infections [39] and their
etrimental role is widely recognized [40] . A study by Wang
t al. [41] elegantly demonstrated that in COVID-19 cases, an
arly administration of interferon- 𝛼2b was associated with a re-
uction in hospital mortality. Conversely, late interferon treat-
ent increased mortality and delayed recovery, suggesting that

he timing of therapeutic interferon application is crucial. The
ifficulty in addressing the role of interferon in COVID-19 is a
onsequence of the capacity of the causative virus to prevent its
nduction and effects in the infected host. 

In the context of characterizing disease-specific long-term ef-
ects, the occurrence of post-intensive care syndrome (PICS) in
oth sepsis and COVID-19 survivors presents a significant con-
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ounding factor. While new data regarding COVID-19 patients
re emerging, the existing evidence reveals numerous respira-
ory, muscular, neurologic, and intellectual disorders associated
ith fatigue and pulmonary fibrosis [42] , the majority of which
ave also been reported in recovering sepsis patients. Moreover,
ue to the COVID-19-induced lockdowns introduced in numer-
us countries, psychiatric disorders with wide-ranging effects
ave become an increasing concern in patients post-infection
nd, in many cases, non-infected individuals subjected to lock-
own conditions. 

rom pathophysiology to novel treatment options 

Despite exhaustive efforts to develop effective treatments
gainst bacterial sepsis based on evolving understanding of the
athophysiology of the syndromes, no new strategies (excluding
ntimicrobials) have emerged over the last 30 years. Although
umerous positive preclinical assays have been published, it ap-
ears increasingly clear that the hunt for the “magic bullet ”
s futile [43] . Surprisingly, observations in the field of sepsis
ver 30 years have been practically reproduced within a single
ear for COVID-19; in particular, an emergence of numerous at-
empts at rapid treatments, which, in many instances have been
oorly (and often only theoretically) justified and follow the
ame over-simplistic paradigms that ultimately failed to develop
ffective treatments against bacterial sepsis. A key explanation
ould be strong multitier synergy existing between multiple in-
ividual molecular and cellular factors that leave limited room
or a drug/intervention that would induce benefits by target-
ng only a single selected element of the complex synergistic
uzzle. Recently, researchers investigating COVID-19 have re-
iscovered some elements of that synergy (known for almost
hree decades), re-publishing virtually the same phenomena in
restigious journals (and without referencing the original sem-
nal findings). For example, a key role of anaphylatoxin C5a as
n amplifier of the septic inflammatory response [ [44] has been
eported in COVID-19 [45] . Similarly, a deleterious synergy be-
ween tumor necrosis factor (TNF) and interferon (IFN)- 𝛾 , origi-
ally reported to explain lethality in response to endotoxin [46] ,
as also shown in SARS-CoV-2 infection [47] . 
Clearly, for bacterial sepsis originating from virtually any

athogen, the idea of vaccination as a remedy could be per-
eived as utopian. However, attempts have been made to de-
elop an anti-endotoxin vaccine targeting the common structure
hared by Gram-negative bacteria [48] . A recombinant human
ntibody binding the common lipid A moiety of endotoxin failed
o neutralize endotoxin [49] . In contrast, the development of
accines against Neisseria meningitidis, one of the most com-
on causes of meningococcal sepsis, resulted in a significant

eduction of meningococcal serogroup C disease and its spread
cross Europe. Since vaccines are now available for five out of
ix meningococcal disease-causing serogroups (A, B, C, W, and
), vaccination programs will induce broad protection leading to
ffective control of future meningococcal outbreaks [50] . Simi-
arly, after the introduction of the Haemophilus influenzae type
 meningitis vaccine, a significant decrease in the incidence and
ortality rates of the disease across all age groups was evident

51] . 
7 
OVID-19 vaccine development: new and old approaches 

istorical success of vaccines 

On May 14, 1796, Edward Jenner vaccinated an 8-year-old
oy, James Phipps, against smallpox, unknowingly initiating the
ost successful quest in combating infectious diseases. Taking

he pus from a sore on the hand of Sarah Nelmes, a dairymaid, he
pplied it to the arm of the boy using two superficial incisions.
enner submitted a manuscript describing the procedure and its
ustification to the Royal Society in London, which was returned
ithout presentation. This was the fate of the first report on the
ttempt to prevent the occurrence of smallpox, which finally led
o complete eradication of the disease as announced by WHO on
ctober 26, 1979. Another vaccination success of equal propor-

ions was that for cattle rinderpest, which was officially declared
radicated by the Food and Agriculture Organization (FAO) in
011. On August 25, 2020, WHO reported that poliomyelitis
as been eliminated from the African continent and currently
emains prevalent only in three Asian countries. Between 1880
nd 1885, Louis Pasteur developed four vaccines against fowl
holera, anthrax, swine erysipelas, and rabies in France. At that
ime, different approaches were proposed for vaccine prepa-
ation. For example, Henri Toussaint (1847–1890) suggested
ntiseptic-treated vaccines based on phenol, while Louis Pasteur
1822–1895) favored air-attenuated vaccines. In fact, without
urposely disclosing it (to avoid officially endorsing Toussaint’s
pproach), Pasteur used a similar chemical method (potassium
ichromate) during a public demonstration of the efficiency of
is vaccine in preventing anthrax. In 1881, at the International
edical Congress of London, Pasteur declared: “I have given the

erm vaccination a broad meaning. I hope science will dedicate
t as a tribute to the merit and vast favor rendered by one of
ngland’s greatest men, your Jenner. What a joy for me to glo-
ify this immortal name on the very ground of the noble and
ospitable city of London. ” [52] The marked reduction in the
ncidence of many prevalent diseases during this time, such as
yphoid fever and diphtheria, further illustrated the success of
accination. 

Vaccines have been extensively investigated as a means to
revent several epidemics/pandemics. Jaume Ferran (1852–
929), a Spanish physician, claimed to have developed a vac-
ine against cholera, but an investigation team sent to Spain
eaded by Dr. Paul Brouardel (1837–1906) returned with a neg-
tive conclusion of its efficacy. The group stated “The more
losely the problems concern human life, the more the scien-
ific method must be perfect, the more the scientist must be
rmed. M. Ferran seems not to have understood the importance
f these truths, and to have abandoned the field of scientific ex-
eriments and studies to enter too early into what he calls ‘prac-
ice’. ” [53] . Unfortunately, this conclusion appears pertinent to
he current pandemic, as evident from the irresponsible behav-
or of some medical professionals and politicians in recommend-
ng the use of certain drugs without reliable evidence of their ef-
cacy and safety. Astonishingly, the paper alleging the benefits
f hydroxychloroquine (HCQ) in COVID-19 patients submitted
n March 16, 2020, was accepted only 1 day later by the Inter-
ational Journal of Antimicrobial Agents (IJAA), whose Editor-
n-Chief works at the same institution and has a collaborative
elationship with the senior author (D. Raoult). Subsequently,
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he publisher requested an a posteriori review of the manuscript
published in July 2020) that was conducted by Professor Frits
osendaal, chairman of the Department of Clinical Epidemiol-
gy at Leiden University [54] . The evaluation identified 10 ma-
or flaws in the study. A retraction was subsequently requested
y the publisher but declined by the senior author. In the same
uly IJAA issue, a similar independent criticism was published
55] . Since this time, many well-powered clinical trials (e.g.,
ECOVERY) and meta-analyses have objectively demonstrated

he absence of any HCQ benefits [56,57] and emerging findings
urther revealed that the combination of HCQ and azithromycin
ignificantly increased mortality. Interestingly, quinine, another
nti-malarial drug, was also proposed as a putative cure for the
918 Spanish flu pandemic. 

A key figure in the development of vaccines against nine-
eenth - to twentieth-century epidemics/pandemics was Walde-
ar Haffkine (1860–1930; Fig. 2 ) [58] , a Russian physician who

oined Elie Metchnikoff’s team at Institut Pasteur in 1890. Two
ears later, Haffkine developed a vaccine that he tested on him-
elf and three other volunteers. Ernest H. Hankin (1865–1939)
59] , a British bacteriologist who would later discover the bacte-
icidal properties of Ganges water on cholera bacillus (initiating
he discovery of bacteriophages), attested to the efficacy of vac-
ination. After having developed a vaccine against cholera, Haf-
kine was sent to Calcutta and initiated a vaccination campaign
1893–1894) in several locations (Danapur, Lucknow, Agra, and
ombay). By July 1895, he had vaccinated > 42,000 people, in-
luding British and Indian troops as well as civilians. In Ger-
ig. 2. Waldemar Haffkine (1860–1930). Physician and scientist born in Odessa 
ho studied zoology at the University of Odessa under the supervision of Elie 
etchnikoff. Haffkine joined the Parisian laboratory of Metchnikoff at Institut 

asteur in 1890 and developed the first effective cholera vaccine. In 1893–1894, 
e was offered the possibility to organize a cholera vaccination campaign in 
arious regions of India where epidemics of cholera were prevalent by Lord 
ufferin (Viceroy of India from 1884 to 1888 and Ambassador of Great Britain 

n Paris). Back in India in 1897, Haffkine produced a plague vaccine composed 
f killed germs to combat the bubonic plague epidemic. Institut Pasteur ©. 
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8 
any, Drs. Koch, Pfeiffer and Kolle demonstrated the bacterici-
al power of serum collected from subjects inoculated with the
affkine vaccine. An epidemic of the plague emerged in 1896 in
ombay, resulting in the deaths of 170,000 people by 1906. Haf-
kine [60] went back to India in 1897 and offered his anti-plague
accine that was produced in the Plague Research Laboratory
n Bombay. Unfortunately, in 1902, the vaccine program un-
erwent a serious setback in the Mulkowal disaster (attributed
o a tetanus infection) that led to an inquiry after the death of
9 vaccinated people. Haffkine was dismissed until an investi-
ation published in The Lancet on February 2, 1907, cleared
im of any responsibility and error. The tetanus infections were
inked to a vial that had been dropped on the soil containing
pores of Clostridium tetani and improperly disinfected before
urther use. The above event clearly illustrates the importance of
ustained rigorous practices in a pandemic environment despite
he urgency of required action, since any consequent errors are
ypically widely disseminated and markedly erode public confi-
ence. 

ntibodies: friends or foes? 

The aim of vaccines is to induce adaptive immunity,
hich involves (1) a cellular arm: antigen-presenting cells T-

ymphocytes (Th1, Th2, and T-cytotoxic) and B-lymphocytes
nd (2) production of antibodies that neutralize the invading
gent and facilitate its elimination. Accordingly, natural anti-
odies found in post-infectious convalescent patients could be
sed to protect newly infected patients. A study performed on
9 patients with severe and potentially lethal COVID-19 re-
orted a significant protective effect (25% vs. 60% mortality
n the placebo group) [61] . Similarly, in a study of 160 pa-
ients who underwent randomization, early administration of
igh-titer convalescent plasma against SARS-CoV-2 to infected
lder adults within 72 h after the onset of mild COVID-19 symp-
oms reduced disease progression [62] . However, an investiga-
ion on 464 adults with moderate COVID-19 showed no bene-
ts of convalescent plasma [63] . Another study including hos-
italized adult patients with severe COVID-19-induced pneu-
onia assigned to receive convalescent plasma ( n = 208) or
lacebo ( n = 105) also revealed no differences in clinical status
r overall mortality between the groups [64] . The most recent
nding from the multicenter randomized trials (RECOVERY) re-
onfirmed its inefficacy [118] . Convalescent plasma should be
ypothetically standardized based not on titer but its virus neu-
ralization capacity; in other words, qualitative not quantitative
tandardization should be advocated for any possible future test-
ng. In the above context, patients with the most severe infec-
ion groups were shown to have anti-type I interferon antibodies
65] . The presence of such detrimental antibodies in transferred
lasma should be avoided. Following treatment with a recom-
inant human antibody (Bamlanivimab®; LY-CoV555), a lower
umber of patients required hospitalization, specifically (5/30;
.6%), compared with placebo (9/143; 6.3%) [66] . However,
he monoclonal antibody coadministered with remdesivir did
ot demonstrate efficacy in 162 hospitalized patients who had
OVID-19 without end-organ failure compared with placebo
 n = 151) [67] . The issue of whether the increasing frequency
f neutralization-resistant variants could have undermined the
fficacy of Bamlanivimab® in this trial remains to be estab-
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ished. Interestingly, two agammaglobulinemia patients who de-
eloped COVID-19-associated interstitial pneumonia did not re-
uire oxygen ventilation or intensive care. Another study sug-
ested that humoral immunity may not be a prerequisite to com-
at COVID-19. No serious complications were observed in 60
ARS-CoV-2-positive patients undergoing anti-CD20 antibody
reatment [68] . These results suggest that T-cell-dependent im-
unity may suffice in the absence of anti-SARS-CoV-2 antibod-

es. 
The use of poly-specific antibodies present in intravenous

mmunoglobulin (IVIG) preparations has also been proposed to
reat bacterial sepsis. A recent meta-analysis suggested that IVIG
reatment reduces the all-cause mortality of patients with sepsis,
ut the study showed significant heterogeneity [69] . Enriched
reparations with IgM have also been investigated but the avail-
ble evidence is too ambiguous to support the widespread use of
ntravenous IgM for the treatment of sepsis [70] . Furthermore,
VIG with enhanced polyspecificity may have clinical potential
n sepsis and related systemic inflammatory syndromes [71] . 

Several other questions regarding antibodies need to be ad-
ressed. (1) How long does humoral immunity last? Owing to
he limited observation period for SARS-CoV-2 infections, this
uestion cannot as yet be precisely answered. (2) Are antibod-
es fully protective or could they exert adverse effects? The phe-
omenon, known as “antibody-dependent enhancement, ” could
ontribute to further dissemination of the virus by favoring its
ntry into cells devoid of ACE2 but harboring Fc 𝛾 receptors (e.g.,
acrophages) [72] . Notably, this type of antibody-dependent

nfection mediated by antibodies against spike proteins has been
eported for SARS-CoV-1 [73] . This finding is particularly preva-
ent in dengue virus infection and has confounded vaccine de-
elopment research in this area. Another potentially detrimental
ffect is the capacity of antibodies to activate the release of pro-
nflammatory cytokines. The non-neutralizing antibodies form
mmune complexes with viral antigens, resulting in the release
f pro-inflammatory cytokines, immune cell recruitment, and
ctivation of the complement within tissues [74] . Additionally,
atients with severe COVID-19 produce a unique serologic sig-
ature, including an increase in IgG1 with afucosylated Fc gly-
ans (on asparagine #297). Afucosylated IgG responses, in turn,
nhance the production of inflammatory cytokines by mono-
ytes, including interleukin (IL) − 1 𝛽, IL-6, and TNF [75] . 

ong-lasting and cross-reactive T-cell immunity 

Robust T-cell immunity has been reported in convalescent
ndividuals with asymptomatic and mild COVID-19 [76] . Inter-
stingly, this T-cell reactivity has also been detected in some
ealthy blood donors, suggesting the existence of some cross-
eactivity with previous ordinary circulating coronavirus. In an
arlier study, circulating SARS-CoV-2-specific CD8 + and CD4 +
 -cells were identified in approximately 70% and 100% COVID-
9 convalescent patients, respectively, and CD4 + T -cell re-
ponses to spike, the main vaccine-related target, were robust
nd correlated with the magnitude of anti-SARS-CoV-2 anti-
ody levels [77] . Interestingly, the frequency of SARS-CoV-2-
pecific T-cells was similar between asymptomatic and symp-
omatic individuals but the former showed increased IFN- 𝛾 and
L-2 production. Thus, asymptomatic SARS-CoV-2-infected in-
ividuals were not characterized by weak antiviral immunity,
9 
nd in fact, mounted a highly functional virus-specific T-cell im-
une response [78] . T-cell responses recognize at least 30–40

pitopes in each donor and immunodominant regions for CD4 +
 -cells have minimal overlap with antibody epitopes [79] . Ow-
ng to the broad T-cell repertoire, viral escape of T-cell immunity
hould be unlikely, which is an important assumption, partic-
larly in view of the rapid emergence of multiple SARS-CoV-
 variants. Unfortunately, a recent investigation on the South
frican B.1.351 variant failed to show protection by the recom-
inant adenovirus AstraZeneca vaccine against mild to moder-
te COVID-19. However, vaccine efficacy against severe COVID-
9 was not determined [80] . While the contribution and induc-
ion of specific Th1 cells and cytotoxic T-cells in response to the
accines are highly expected, induction of Th2 cells that could
avor a Th2-type immunopathology with prominent eosinophil
nfiltration should be avoided [81] . 

hallenges 

As of April 2021, 311 vaccine candidates had been developed
gainst SARS-CoV-2 (84 tested in clinical trials and 227 under
reclinical investigation) [82] . Multiple approaches for vaccine
ass production rely on existing developmental blueprints using

nactivated full virus, attenuated virus, virus-like particles, and
rotein subunits. New methodologies with non-commercialized
accines employing DNA, viral vectors, and messenger RNA
mRNA) encapsulated in lipid nanoparticles have led to out-
tanding results in humans and animal models [117] , suggesting
hat the different vaccine types can facilitate the effective gen-
ration of protective antibodies and T-cell-dependent immunity
 83 , 84 ]. mRNA vaccines have been investigated for > 30 years
85] . In vivo induction of virus-specific cytotoxic T lympho-
ytes by liposome-entrapped mRNA was achieved in 1993 [86] .
atalin Kariko, a Hungarian-born researcher working at the Uni-
ersity of Pennsylvania, is considered by some as Nobel Prize-
orthy for rendering this approach feasible. Dr. Kariko proposed

he use of 1-methylpseudouridine to avoid activation of Toll-like
eceptors (TLR)7 and TLR8 by uridine [ 87 , 88 ]. Furthermore,
ridine-containing mRNA induced interferon, which is counter-
roductive during vaccination, preventing the selection of high-
ffinity antibodies. Dr. Kariko also purified the mRNA to re-
ove dsRNA that activates TLR3, retaining the lipid nanoparti-

les with an adjuvant effect. Incorporation of non-inflammatory,
odified nucleosides in mRNA is required for the production of

arge amounts of antigen and robust immune responses follow-
ng the activation of T follicular helper cells, germinal center
-cells [89] , and appropriate activation of dendritic cells [86] .
RNA coding for spike protein of SARS-CoV-2 has been de-

igned for COVID-19 vaccines and preclinical and phase III stud-
es have confirmed the significant efficiency of this approach
ithin a very short period [90–95] . Other efficient vaccines (de-
eloped in < 1 year) have been highlighted, such as the use of re-
ombinant adenovirus coding for spike protein [96–102] , whole
irion vaccine [103] , purified spike protein [104] , and recom-
inant measles virus expressing the SARS-CoV-2 spike protein
105] . 

Currently, vaccines are administered through the classical in-
ramuscular route, but an intranasal route would be of signifi-
ant interest given the ease of application and significant role
f IgA and mucosal immunity. Indeed, IgAs are predominantly



J.-M. Cavaillon and M.F. Osuchowski Journal of Intensive Medicine 1 (2021) 4–13 

i  

C  

b  

m
 

P  

t  

t  

e  

n  

w  

t  

[  

a  

b  

t  

v  

e  

p  

t  

p  

d  

s  

t  

r  

i
 

o  

c  

p  

r  

a  

i  

t

C

 

t  

p  

a  

w  

(  

m  

c  

a  

p  

t  

f  

t  

P  

[  

o  

t  

t  

B  

b  

c  

c  

r  

C  

f  

s  

e  

a  

s  

c  

i  

u  

p  

w
 

c  

a  

d  

e  

a  

r  

r  

s  

o
 

s  

(  

n  

g  

O  

a  

n  

a  

a  

s  

u  

t  

2  

p  

c  

g  

P  

t  

f  

w  

f

C

 

c  

t

R

 

 

 

 

 

 

 

 

nvolved in the early neutralizing antibody response to SARS-
oV-2 [106] . Intranasal vaccination with a lentiviral vector has
een shown to confer strong protection against SARS-CoV-2 in
ouse and golden hamsters [107] . 
The bacilli Calmette–Guérin (BCG) vaccine, set up by the two

asteurian researchers working in Lille in 1921–1924 to prevent
uberculosis, has been recommended to boost the immune sta-
us of the population during the COVID-19 pandemic based on
pidemiological analyses of COVID-19 propensity. Upon exami-
ation of different countries with varying vaccination policies, it
as initially proposed that BCG exposure could contribute to at-

enuation of the spread and severity of the COVID-19 pandemic
108] . Further investigations suggested that BCG vaccination is
ssociated with a decrease in the incidence of sickness induced
y COVID-19 [109] . However, other groups reported no pro-
ective effect in middle-aged individuals administered the BCG
accine at birth against SARS-CoV-2 [110] and the most recent
pidemiological findings questioned the claim of BCG-induced
rotection, demonstrating a possible arbitrary selection bias in
he analyses [ 111 , 112 ]. At least 11 trials including over 16,000
atients have been registered to examine the efficacy of BCG-
ependent protection against SARS-CoV-2 infection. While non-
pecific boosting of the immune system to combat viral infec-
ion (associated with the concept of trained innate immunity)
emains an interesting theory, this approach needs reliable val-
dation. 

As in the case of anti-COVID-19 therapeutics, the devel-
pment, registration, and commercialization/distribution pro-
esses of anti-SARS-CoV-2 vaccines are not free from political
ressures, international turf wars, and various conspiracy theo-
ies. While these issues may never be fully eliminated, the best
vailable remedy to overcome and dispel such impediments lies
n maximal reliance on high-quality evidence-based science and
ransparency of all proceedings. 

onclusions 

The SARS-CoV-2 pandemic emerged in late 2019. No effec-
ive drugs are immediately available, resulting in various non-
harmaceutical protective intervention attempts. Face masks
re currently advocated worldwide as a protective approach
hile waiting for herd immunity to emerge. Charles Delorme

1584–1678), a graduate from the University of Montpellier,
oved to Paris to practice medicine and became the chief physi-

ian to three consecutive French kings (Henri IV, Louis XIII
nd Louis XIV). In 1619, following the eruption of the bubonic
lague in Paris, Delorme designed a “plague preventive cos-
ume ” featuring a famous beak-like-shaped nose filled with per-
ume and herbs and eyes protected by spectacles. This protec-
ion was worn by doctors in France and Italy until the Great
lague of Marseille in 1720. In 1870, John Tyndall (1820–1893)
113] , an Irish physician and great supporter of the germ the-
ry of Louis Pasteur, proposed breathing through cotton wool
o filter the air and protect against infections. Subsequently,
he use of surgical masks was recommended in 1897 by Paul
erger (1845–1908), a French surgeon, and the following year
y Jan Mikulicz-Radecki (1850–1905), a Polish surgeon. In the
urrent day, community-wide mask usage contributes to the
ontrol of COVID-19 by reducing the emission level of infected
espiratory droplets from individuals with subclinical and mild
10 
OVID-19 [114] . Despite the well-recognized protective role of
ace masks, both doubts fueled by deniers and their transient
hortage have delayed the early wide implementation of this
ffective tool, particularly in many Western countries. For ex-
mple, in France, the failure by the Director of Health to renew
upplies of masks following their expiration resulted in a major
ountry-wide shortage. This led to an ambiguous and mislead-
ng informational policy by the French authorities regarding the
sefulness of wearing masks concurrent with a frantic hunt for
ersonal protective equipment by medical staff during the first
ave of the pandemic. 
Virtually all countries have collectively devoted vast finan-

ial resources to promote research aimed at elucidating the char-
cteristics of this deadly new disease, identifying new anti-viral
rugs, and developing innovative vaccine approaches. The sci-
ntific community has robustly, and in many instances, cooper-
tively risen to these challenges. Open access to all COVID-19-
elated publications and mostly unimpeded data sharing among
esearch centers attest to the global cooperative efforts. While
everal errors have occurred in the process, the speed and the
verall quality of research advances are unprecedented. 

In contrast to the other fields, research on vaccines is es-
entially performed by pharmaceutical companies, either alone
66%) or in collaboration with academic centers (21%) [115] . A
umber of the proposed approaches are classical vaccine strate-
ies that are already employed for many anti-viral vaccines.
thers are new approaches with no commercialized examples
mong human vaccines, although some already exist in veteri-
ary medicine. The lack of data may have an impact on the
ttitude of the general population. Reluctance toward the use of
nti-SARS-CoV-2 vaccines appears to be on the rise [116] but
trongly varies across countries. For example, the Chinese pop-
lation has a very high level of confidence while in France,
he motherland of Louis Pasteur, acceptance of anti-SARS-CoV-
 vaccination is relatively low. Given the considerable existing
olitical influence of various governments and/or public offi-
ials, often reverting to nationalistic overtones for self-serving
oals, it is appropriate to recall the famous statement by Louis
asteur: “Science has no homeland, because knowledge belongs
o humanity, the torch that lights the world. ” The current and
uture epidemics will be more effectively and rapidly overcome
ith smaller human and economic losses if the above counsel is

ollowed worldwide. 
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