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Human coronavirus (HCoV) is one of the most common causes of respiratory tract

infections throughout the world. Two phenomena observed so far in the development of

the SARS-CoV-2 pandemic deserve further attention. First, the relative absence of clinical

signs of infections in children, second, the early appearance of IgG in certain patients.

From the point of view of immune system physiology, such an early rise of specific

IgG is expected in secondary immune responses when memory to a cross-reactive

antigen is present, usually from an earlier infection with a coronavirus. It is actually

typical for the immune system to respond, to what it already knows, a phenomenon

that has been observed in many infections with closely related viruses and has been

termed “original antigenic sin.” The question then arises whether such cross-reactive

antibodies are protective or not against the new virus. The worst scenario would be

when such cross-reactive memory antibodies to related coronaviruses would not only be

non-protective but even enhance infection and the clinical course. Such a phenomenon

of antibody dependent enhancement (ADE) has already been described in several viral

infections. Thus, the development of IgG against SARS-CoV-2 in the course of COVID-19

might not be a simple sign of viral clearance and developing protection against the

virus. On the contrary, due to cross-reaction to related coronavirus strains from earlier

infections, in certain patients IgG might enhance clinical progression due to ADE. The

patient’s viral history of coronavirus infection might be crucial to the development of the

current infection with SARS-CoV-2. Furthermore, it poses a note of caution when treating

COVID-19 patients with convalescent sera.

Keywords: antibody dependent enhancement (ADE), receptor binding protein, antigenic sin, protecting IgG,

cross-reactivity, COVID-19, SARS-CoV-2, spike protein

Human coronavirus (hCoV) is one of the most common causes of respiratory tract infections
throughout the world. Infections with coronaviruses are normally not particularly disquieting, as
they seldom lead to life-threatening situations. As for now, there are four endemic coronavirus
strains currently circulating in human populations (229E, HKU1, NL63, OC43). SARS-CoV-2
seems to be different in that it has a high death toll. Especially elderly patients with one or more
comorbidities have severe courses of COVID-19.
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Two phenomena observed so far in the development of
the SARS-CoV-2 pandemic deserve further attention. First, the
relative absence of clinical signs of infection in children (1,
2) or, the other way round, the question whether the age-
dependent increase of clinical complications in infected people
is only caused by comorbidity or in addition due to some other
mechanism, like previous exposure to related coronaviruse. The
second point is the early appearance of specific IgG in certain
patients (3, 4). As to this observation, it is remarkable that
among 26 patients 10 patients showed a seroconversion of IgG,
directed against nucleoprotein and a peptide from spike protein
of SARS-CoV-2, earlier than IgM and in 9 patients a synchronous
conversion of IgG and IgM was observed, whereas in 7 patients
only, IgM seroconverted earlier than IgG as one would normally
expect in a primary immune response (3). In a smaller study 3
out of 9 patients showed an earlier IgG response than IgM, and
3 patients showed a concomitant response with IgM (4). From
the point of view of immune system physiology, such an early
rise of IgG is expected in secondary immune responses when
memory to a cross-reactive antigen is present, usually from an
earlier infection with a coronavirus. However, in another study
measuring antibodies against nucleocapsid protein alone, the
earlier appearance of IgG compared to IgM was not observed (5),
which might indicate that the cross-reactive immune memory is
confined to spike proteins. Further studies would be needed to
clarify the issue.

Children are usually very susceptible for infections in early
lifetime, after that, the immune system develops steadily until
it is equivalent to that of the adult population. In SARS-CoV-2
it is different: children are less likely to have a severe course of
infection as compared with adults. Could this be because children
are less likely to have a history of repeated coronavirus infections
in their lifetime than adults? In 2009 a study on an endemic
strain e.g. HCoV-HKU1 was conducted in Hong Kong that
showed that from among 709 patients that had attended Queen
Mary Hospital and were found to be clinically free of active
respiratory infections up to 20% of the adults were serologically
positive whereas none of the children under age of 10 were
positive (6).

It is actually typical for the immune system to respond, like
the brain, to what it already knows, a phenomenon that has
been observed in many infections with closely related viruses
and has been termed “original antigenic sin.” The phenomenon
of “original antigenic sin” was initially described for influenza
(7–9). It particularly plays a role in vaccination. Depending
on the antigen against which antibodies are made in a first
infection or immunization, in a second immunization with
a different antigen of influenza, the immune system is only
boosting the antibodies against the old antigen and does not
recognize the new antigen. Therefore, a new specific protection
is not built up and, consequently, the patient is not protected
against the new virus. A mathematical model based on the
antigenic distance was developed (10) that predicts the ratio
between the effect of a repeat vaccination and the primary
vaccination against influenza (11). It seems to be a basic
property of the immunological memory that it is, like the brain,
associative (12, 13).

The question then arises whether such cross-reactive
antibodies are protective or not against the new virus. An
interesting finding, therefore, is that in infections with SARS-
CoV-2 and SARS-CoV cross-reactivity in antibody binding to the
spike protein is commonly found, which indicates that antibodies
directed against conserved antigens in the spike are common.
Cross-neutralization of the virus-species, however, is a rare event
(14). Of course, it would be important to know whether such
cross-reactivity of SARS-CoV-2 antibodies would also involve
other endemic human corona viruses. Although, cross-reactivity
between SARS-CoV and hCoV has been described (15), studies
are need that look for crossreactivity between SARS-CoV-2 and
endemic hCoV.

SARS-CoV-2 cellular entry occurs by interaction between
the receptor-binding protein in the spike region (RBD) and
the angiotensin converting enzyme 2 (ACE2) binding cell
receptor (16). The neutralizing quality depends on the antibodies
competition for binding at the RBD site with the ACE2 receptor
on host target cells as shown for SARS-CoV (17). In a recent
study on human neutralizing antibodies induced by SARS-CoV-2
infection it was found that monoclonal SARS-CoV-2 antibodies
derived from infected individuals did not cross-react with RBDs
from SARS-CoV or MERS-CoV. Antibody-containing plasma of
infected patients did not show such a cross-reactivity either (18).
However, the plasma antibodies did cross-react with antigens
in the spike from SARS-CoV and MERS-CoV, not leading
to the neutralization of the viruses. Apparently, neutralizing
antibody response to RBD is specific for the coronavirus
species, antibodies against regions outside the RBD are cross-
reactive, but do not neutralize the virus species in a second
infection (18).

Consequently, it remains to be studied whether such an early
IgG response as it has been observed in COVID-19 patients (3)
is protective. If cross-reactive IgG are not protective one would
expect that in cases where they represent the main immune
response to the virus recurrences of the infection would be
observed. Actually, occasional recurrences of SARS-CoV-2 RNA
positivity have been described, however, without reporting the
IgG status of the patients (19, 20). The question arises, whether
non-protective antibodies worsen the clinical course of the
infection. Wang et al. showed that antibodies against different
epitopes of spike glycoprotein either protect or enhance SARS-
CoV infections in a Vero E6 cell line as well as in vivo in
macaques. Antibodies produced to the epitopes S597–603 and
S604–625 strongly aggravated lung damage in macaques. Sera
of 64% out of 470 COVID patients contained antibodies that
bind in this region of the spike glycoprotein (21). A similar
finding was reported in a mouse model with four different
SARS-CoV vaccines when after a post-vaccination viral challenge
the viral load was lower compared to controls, but all mice
showed histopathological changes in the lungs with eosinophil
infiltration, which did not occur in controls that had not been
vaccinated (22).

The question of protectivity of convalescent IgG is of course
crucial to the endeavor of using convalescent sera options for
passive antibody treatment of COVID-19 (23, 24). In fact, in a
small treatment trial of MERS patients using plasma infusions
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of convalescent patients, only half of the four donor plasmas
were capable of neutralizing the virus (25). Therefore, producing
highly purified IgG preparations containing a high titer of
neutralizing antibodies and a low titer of non-specific anti-spike
antibodies against SARS2-CoV-2 would be recommendable over
the use of convalescent sera: they would be safer and have a higher
activity in eliminating the virus.

The worst scenario would be when such cross-reactive
memory antibodies to related coronaviruses would not only be
non-protective but even enhance infection and clinical progress.
Such a phenomenon of antibody dependent enhancement (ADE)
has already been described in several viral infections (26). In the
course of development of a vaccine against Respiratory Syncytial
Virus (RSV) it was shown that 80% of the vaccinated children
required hospitalization during a subsequent infection with RSV,
where two children died, whereas only 5% of the controls had
a severe course (27). ADE has also been observed to occur in
coronavirus infections. The antibodies that are produced against
SARS-CoV spike glycoprotein increase the binding of the virus
to FcγRII-receptors and therefore increase take-up by the host
cells (28, 29). The normal viral entry via the RBD—ACE2 leads to
endosomal/lysosomal pathway in a SARS-CoV susceptible cell,
whereas entry through the FcγRII antibody binding site does not
and can lead to ADE (30). Interestingly, it has been observed in
cats that were immunized with feline coronavirus spike proteins
for protection showed ADE following infection by coronaviruses
(31, 32). An enhancing role of cross-reactive memory antibodies
on infection could also be the reason why the incubation period is
relatively long in some patients. In a study with 587 cases 6.6% (n
= 39) had an incubation period longer than 14 days (33). Could
it be that clinically overt infection only occurs after cross-reactive
memory IgG have been expressed?

The exact pathogenic mechanism of possible ADE in
COVID-19 is not yet known. One explanation would be
enhancement of viral entry via FcγRII as mentioned above.
An different mechanism could be envisaged with antibodies
recognizing nuclear protein expressed by infected cells (34)
leading to antibody-mediated cell lysis and/or formation
of immune complexes with consecutive local activation of
complement, macrophages, and dendritic cells producing IL-
6 (35). Thereby, immune complexes would contribute to
the developing cytokine storm that is typical for severe
COVID-19 (36).

The ADE hypothesis is further supported by the results
of a study on viral kinetics and antibody responses in
patients with COVID-19 (5) where it was found that stronger
antibody response was associated with delayed viral clearance
and increased disease severity. Patients with a strong IgG
response (> 2-fold of cutoff value) showed only in 9% a virus
clearance at day 7 after IgG developed, whereas weak IgG
responders cleared the virus in 57%. Further, it was found
that earlier IgG response, concurrently with IgM, and higher
IgG antibody titers were associated with enhanced disease
severity (5).

The relationships between baseline serology for other
coronaviruses and disease course in COVID-19 should be studied
in order to be able to design antigens for the development

of vaccines and the use of neutralizing antibodies for therapy.
Therefore, one should know how the antibody response to
SARS-CoV-2 develops over time in patients with severe course
vs. patients with mild infection. These questions could be
solved using microarray assay systems containing the important
antigens from SARS-CoV-2 and SARS-CoV, MERS-CoV and
various other common human corona strains as well as other
common respiratory viruses as described recently (37). Based on
such knowledge safe and effective vaccines could be developed
that do not contain peptides and epitopes that are prone to induce
ADE (21).

Back to the first observation, the relative absence of clinical
signs of infections in children (1, 2), the explanation could be
that children do not have yet an immune memory to earlier
coronavirus infection (6) and that ADE therefore does not come
into effect. The lack of earlier confrontation with closely related
coronaviruses might also be the reason for the high relative
frequency of undocumented infections (38), probably due tomild
or absent clinical symptoms (20).

The discussed phenomenon of original antigenic sin relates to
the adaptive immune system. However, also the innate immune
system seems to have a memory induced by infections or
vaccinations that shapes later immune responses to infectious
agents, a mechanism that has been called Trained Immunity
[for review see (39)]. Prominent examples that might relate
to COVID-19 are the consequences of vaccination with
bacillus Calmette-Guérin (BCG) that have been described
to have protective effects against several types of infection
and even against cancer (39). The link to COVID-19 could
be the recently described correlation between universal BCG
vaccination policy and a reduction in morbidity and mortality
for COVID-19 (40–42).

In conclusion, the development of IgG against SARS-
CoV-2 in the course of COVID-19 might not be a simple
sign of viral clearance and developing protection against
the virus. On the contrary, due to cross-reaction to related
coronavirus strains from earlier infections, the patient’s viral
history of coronavirus infection might be crucial to the
severity of the course of the current infection with SARS-
CoV-2, a phenomenon that has been called in the context of
influence infections “original antigenic sin.” Furthermore, it
poses a note of caution when treating COVID-19 patients with
convalescent sera.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary materials, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

BW andWF contributed equally to this article.

ACKNOWLEDGMENTS

We thank Leslie Brent for critically reading the manuscript.

Frontiers in Immunology | www.frontiersin.org 3 June 2020 | Volume 11 | Article 1120

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Underline

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Underline

Alex Vasquez
Underline

Alex Vasquez
Underline

Alex Vasquez
Callout
This would have been the rational design of vaccines instead of the absurdly reckless "warp speed" emergency authorization 

Alex Vasquez
Highlight

Alex Vasquez
Callout
This would have been the rational design of vaccines instead of the absurdly reckless "warp speed" emergency authorization 

Alex Vasquez
Highlight

Alex Vasquez
Highlight

Alex Vasquez
Highlight

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Fierz and Walz Original Antigenic Sin and the Development of SARS

REFERENCES

1. Dong Y, Mo X, Hu Y, Qi X, Jiang F, Jiang Z, et al. Epidemiological

characteristics of 2143 pediatric patients with 2019 coronavirus disease in

China. Pediatrics. (2020) 145. doi: 10.1542/peds.2020-0702

2. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al. Early transmission

dynamics in Wuhan, China, of novel coronavirus–infected pneumonia. N

Engl J Med. (2020) 382:1199–207. doi: 10.1056/nejmoa2001316

3. Long Q, Deng H, Chen J, Hu J, Liu B, Liao P, et al. Antibody responses

to SARS-CoV-2 in COVID-19 patients: the perspective application of

serological tests in clinical practice.medRxiv. (2020). doi: 10.1101/2020.03.18.

20038018

4. Zhao J, Yuan Q, Wang H, Liu W, Liao X, Su Y, et al. Antibody responses to

SARS-CoV-2 in patients of novel coronavirus disease 2019. SSRN Electron J.

(2020) 1–22. doi: 10.2139/ssrn.3546052

5. Tan W, Lu Y, Zhang J, Wang J, Dan Y, Tan Z, et al. Viral kinetics

and antibody responses in patients with COVID-19. medRxiv.

(2020). doi: 10.1101/2020.03.24.20042382

6. Chan CM, Tse H, Wong SSY, Woo PCY, Lau SKP, Chen L, et al. Examination

of seroprevalence of coronavirus HKU1 infection with S protein-based ELISA

and neutralization assay against viral spike pseudotyped virus. J Clin Virol.

(2009) 45:54–60. doi: 10.1016/j.jcv.2009.02.011

7. Davenport FM, Hennessy AV, Francis T. Epidemiologic and immunologic

significance of age distribution of antibody to antigenic variants of influenza

virus. J Exp Med. (1953) 98:641–56. doi: 10.1084/jem.98.6.641

8. Francis T. On the doctrine of original antigenic sin. Proc Am Philos Soc.

(1960) 104:572–8.

9. Fazekas de St Groth, Webster RG. Disquisitions on original antigenic sin

: I. Evidence in man. J Exp Med. (1966) 124:331–45. doi: 10.1084/jem.

124.3.331

10. Smith DJ, Forrest S, Ackley DH, Perelson AS. Modeling the effects of prior

infection on vaccine efficacy. 1997 IEEE Int Conf Syst Man, Cybern Comput

Cybern Simul. (1997). doi: 10.1109/ICSMC.1997.625777

11. Smith DJ, Forrest S, Ackley DH, Perelson AS. Variable efficacy of repeated

annual influenza vaccination. Proc Natl Acad Sci USA. (1999) 96:14001–

6. doi: 10.1073/pnas.96.24.14001

12. Smith DJ, Forrest S, Perelson AS. Immunological memory is associative. Int

Conf Multiagent Syst. (1996) 62–70.

13. Fierz W. Conceptual spaces of the immune system. Front Immunol. (2016)

7:551. doi: 10.3389/fimmu.2016.00551

14. Lv H, Wu NC, Tsang OTY, Yuan M, Perera RAPM, Leung WS, et al. Cross-

reactive antibody response between SARS-CoV-2 and SARS-CoV infections.

bioRxiv. (2020). doi: 10.1101/2020.03.15.993097

15. Che X, Qiu L, Liao Z, Wang Y, Wen K, Pan Y, et al. Antigenic cross-

reactivity between severe acute respiratory syndrome–associated coronavirus

and human coronaviruses 229E and OC43. J Infect Dis. (2005) 191:2033–

7. doi: 10.1086/430355

16. Zhang H, Penninger JM, Li Y, Zhong N, Slutsky AS. Angiotensin-converting

enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molecular mechanisms

and potential therapeutic target. Intensive Care Med. (2020) 46, 586–

90. doi: 10.1007/s00134-020-05985-9

17. Berry JD, Hay K, Rini JM, Yu M, Wang L, Plummer FA, et al.

Neutralizing epitopes of the SARS-CoV S-protein cluster independent

of repertoire, antigen structure or mAb technology. MAbs. (2010) 2:53–

66. doi: 10.4161/mabs.2.1.10788

18. Ju B, Zhang Q, Ge X, Wang R, Yu J, Shan S, et al. Potent human

neutralizing antibodies elicited by SARS-CoV-2 infection. bioRxiv.

(2020). doi: 10.1101/2020.03.21.990770

19. Chen D, Xu W, Lei Z, Huang Z, Liu J, Gao Z, et al. Recurrence of

positive SARS-CoV-2 RNA in COVID-19: a case report. Int J Infect Dis.

(2020). doi: 10.1016/j.ijid.2020.03.003

20. Tao Y, Cheng P, Chen W, Wan P, Chen Y, Yuan G, et al. High incidence

of asymptomatic SARS-CoV-2 infection, Chongqing, China. medRxiv.

(2020). doi: 10.1101/2020.03.16.20037259

21. Wang Q, Zhang L, Kuwahara K, Li L, Liu Z, Li T, et al. Immunodominant

SARS coronavirus epitopes in humans elicited both enhancing and

neutralizing effects on infection in non-human primates. ACS Infect Dis.

(2016) 2:361–76. doi: 10.1021/acsinfecdis.6b00006

22. Tseng C Te, Sbrana E, Iwata-Yoshikawa N, Newman PC, Garron T, Atmar

RL, et al. Immunization with SARS coronavirus vaccines leads to pulmonary

immunopathology on challenge with the SARS virus. PLoS ONE. (2012)

7:35421. doi: 10.1371/journal.pone.0035421

23. Casadevall A, Dadachova E, Pirofski L. Passive antibody therapy for

infectious diseases. Nat Rev Microbiol. (2004) 2:695–703. doi: 10.1038/

nrmicro974

24. Casadevall A, Pirofski L-A. The convalescent sera option for containing

COVID-19. J Clin Invest. (2020) 130:1545–8. doi: 10.1172/JCI

138003

25. Ko JH, Seok H, Cho SY, Ha YE, Baek JY, Kim SH, et al. Challenges

of convalescent plasma infusion therapy in Middle East respiratory

coronavirus infection: a single centre experience. Antivir Ther. (2018) 23:617–

22. doi: 10.3851/IMP3243

26. Morens DM. Antibody-dependent enhancement of infection

and the pathogenesis of viral disease. Clin Infect Dis. (1994)

19:500–12. doi: 10.1093/clinids/19.3.500

27. Kim HW, Canchola JG, Brandt CD, Pyles G, Chanock RM, Jensen

K, et al. Respiratory syncytial virus disease in infants despite prior

administration of antigenic inactivated vaccine. Am J Epidemiol. (1969)

89:422–34. doi: 10.1093/oxfordjournals.aje.a120955

28. Wang SF, Tseng SP, Yen CH, Yang JY, Tsao CH, Shen CW, et al.

Antibody-dependent SARS coronavirus infection is mediated by antibodies

against spike proteins. Biochem Biophys Res Commun. (2014) 451:208–

14. doi: 10.1016/j.bbrc.2014.07.090

29. Wan Y, Shang J, Sun S, Tai W, Chen J, Geng Q, et al. Molecular Mechanism

for Antibody-Dependent Enhancement of Coronavirus Entry. J Virol. (2019)

94:1–15. doi: 10.1128/jvi.02015-19

30. Jaume M, Yip MS, Cheung CY, Leung HL, Li PH, Kien F, et al. Anti-severe

acute respiratory syndrome coronavirus spike antibodies trigger infection

of human immune cells via a pH- and cysteine protease-independent Fc R

pathway. J Virol. (2011) 85:10582–97. doi: 10.1128/jvi.00671-11

31. Corapi WV, Olsen CW, Scott FW. Monoclonal antibody

analysis of neutralization and antibody-dependent enhancement

of feline infectious peritonitis virus. J Virol. (1992) 66:6695–

705. doi: 10.1128/jvi.66.11.6695-6705.1992

32. Hohdatsu T, Yamada M, Tominaga R, Makino K, Kida K, Koyama H.

Antibody-dependent enhancement of feline infectious peritonitis virus

infection in feline alveolar macrophages and human monocyte cell line U937

by serum of cats experimentally or naturally infected with feline coronavirus.

J Vet Med Sci. (1998) 60:49–55. doi: 10.1292/jvms.60.49

33. Ma S, Zhang J, Zeng M, Yun Q, Guo W, Zheng Y, et al. Epidemiological

parameters of coronavirus disease 2019: a pooled analysis of publicly

reported individual data of 1155 cases from seven countries. medRxiv.

(2020). doi: 10.1101/2020.03.21.20040329

34. McBride R, van Zyl M, Fielding BC. The coronavirus nucleocapsid

is a multifunctional protein. Viruses. (2014) 6:2991–3018. doi: 10.3390/

v6082991

35. Berger S, Balló H, Stutte HJ. Immune complex-induced interleukin-

6, interleukin-10 and prostaglandin secretion by human monocytes: a

network of pro- and anti-inflammatory cytokines dependent on the antigen:

antibody ratio. Eur J Immunol. (1996) 26:1297–301. doi: 10.1002/eji.18302

60618

36. Channappanavar R, Perlman S. Pathogenic human coronavirus infections:

causes and consequences of cytokine storm and immunopathology. Semin

Immunopathol. (2017) 39:529–39. doi: 10.1007/s00281-017-0629-x

37. Khan S, Nakajima R, Jain A, de Assis RR, Jasinskas A, Obiero JM,

et al. Analysis of serologic cross-reactivity between common human

coronaviruses and SARS-CoV-2 using coronavirus antigen microarray.

bioRxiv. (2020). doi: 10.1101/2020.03.24.006544

38. Li R, Pei S, Chen B, Song Y, Zhang T, YangW, et al. Substantial undocumented

infection facilitates the rapid dissemination of novel coronavirus (SARS-

CoV2). Science. (2020) 368:489–93. doi: 10.1126/science.abb3221

39. Netea MG, Joosten LAB, Latz E, Mills KHG, Natoli G, Stunnenberg HG,

et al. Trained immunity: a program of innate immune memory in health and

disease. Science. (2016) 352:aaf1098. doi: 10.1126/science.aaf1098

40. Miller A, Reandelar MJ, Fasciglione K, Roumenova V, Li Y, Otazu

GH. Correlation between universal BCG vaccination policy and reduced

Frontiers in Immunology | www.frontiersin.org 4 June 2020 | Volume 11 | Article 1120

https://doi.org/10.1542/peds.2020-0702
https://doi.org/10.1056/nejmoa2001316
https://doi.org/10.1101/2020.03.18.20038018
https://doi.org/10.2139/ssrn.3546052
https://doi.org/10.1101/2020.03.24.20042382
https://doi.org/10.1016/j.jcv.2009.02.011
https://doi.org/10.1084/jem.98.6.641
https://doi.org/10.1084/jem.124.3.331
https://doi.org/10.1109/ICSMC.1997.625777
https://doi.org/10.1073/pnas.96.24.14001
https://doi.org/10.3389/fimmu.2016.00551
https://doi.org/10.1101/2020.03.15.993097
https://doi.org/10.1086/430355
https://doi.org/10.1007/s00134-020-05985-9
https://doi.org/10.4161/mabs.2.1.10788
https://doi.org/10.1101/2020.03.21.990770
https://doi.org/10.1016/j.ijid.2020.03.003
https://doi.org/10.1101/2020.03.16.20037259
https://doi.org/10.1021/acsinfecdis.6b00006
https://doi.org/10.1371/journal.pone.0035421
https://doi.org/10.1038/nrmicro974
https://doi.org/10.1172/JCI138003
https://doi.org/10.3851/IMP3243
https://doi.org/10.1093/clinids/19.3.500
https://doi.org/10.1093/oxfordjournals.aje.a120955
https://doi.org/10.1016/j.bbrc.2014.07.090
https://doi.org/10.1128/jvi.02015-19
https://doi.org/10.1128/jvi.00671-11
https://doi.org/10.1128/jvi.66.11.6695-6705.1992
https://doi.org/10.1292/jvms.60.49
https://doi.org/10.1101/2020.03.21.20040329
https://doi.org/10.3390/v6082991
https://doi.org/10.1002/eji.1830260618
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1101/2020.03.24.006544
https://doi.org/10.1126/science.abb3221
https://doi.org/10.1126/science.aaf1098
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Fierz and Walz Original Antigenic Sin and the Development of SARS

morbidity and mortality for COVID-19: an epidemiological study. medRxiv.

(2020). doi: 10.1101/2020.03.24.20042937

41. Sala G, Miyakawa T. Association of BCG vaccination policy

with prevalence and mortality of COVID-19. medRxiv.

(2020). doi: 10.1101/2020.03.30.20048165

42. Green CM, Fanucchi S, Fok ET, Moorlag SJCFM, Dominguez-

Andres J, Negishi Y, et al. COVID-19: a model correlating

BCG vaccination to protection from mortality implicates

trained immunity. medRxiv. (2020). doi: 10.1101/2020.04.10.200

60905

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Fierz andWalz. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 5 June 2020 | Volume 11 | Article 1120

https://doi.org/10.1101/2020.03.24.20042937
https://doi.org/10.1101/2020.03.30.20048165
https://doi.org/10.1101/2020.04.10.20060905~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Antibody Dependent Enhancement Due to Original Antigenic Sin and the Development of SARS
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References




