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Might COVID-19 vaccines sensitize humans to antibody-dependent enhanced (ADE) breakthrough infections? This is unlikely because 
coronavirus diseases in humans lack the clinical, epidemiological, biological, or pathological attributes of ADE disease exemplified by 
dengue viruses (DENV). In contrast to DENV, SARS and MERS CoVs predominantly infect respiratory epithelium, not macrophages. 
Severe disease centers on older persons with preexisting conditions and not infants or individuals with previous coronavirus infections. 
Live virus challenge of animals given SARS or MERS vaccines resulted in vaccine hypersensitivity reactions (VAH), similar to those in hu-
mans given inactivated measles or respiratory syncytial virus vaccines. Safe and effective COVID-19 vaccines must avoid VAH.
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Not since pandemic smallpox or the 1918 influenza have hu-
mans confronted an epidemic viral pathogen as successful as se-
vere acute respiratory syndrome coronavirus 2 (SAR- CoV-2), a 
member of a family of viruses that cause serious diseases in many 
vertebrates [1]. It has proved difficult to achieve robust vaccine 
protection against avian, bovine, porcine, canine, and feline cor-
onaviruses, failures sometimes attributed to antibody-dependent 
enhancement (ADE) [2]. The possibility that a SARS-CoV-2 vac-
cine may sensitize recipients to ADE has received considerable 
scrutiny [3]. On inspection, ADE is not 1 but 2 vaccine-related 
immunopathological phenomena: intrinsic ADE (iADE) and 
vaccine hypersensitivity (VAH). iADE describes interactions be-
tween microbial pathogen IgG antibody immune complexes that 
attach to Fc receptors to initiate infection but also enhance repli-
cation of the microbe by suppressing innate cellular defenses [4, 
5]. VAH was first described in humans in the early 1960s, after 
formalin-inactivated measles vaccines were introduced in the 
United States and Europe. Within months, large numbers of vac-
cinated children developed a severe breakthrough disease, called 
atypical measles [6]. A similar outcome, vaccine-associated en-
hanced respiratory disease (VAERD), was observed in infants 
aged 4–12 months who were given formalin-inactivated respi-
ratory syncytial virus (RSV) and a few months later infected by 
RSV [7]. The outcomes observed were attributed to delayed-type 
hypersensitivity and/or an Arthus reaction [8]. Lung lesions re-
vealed damage to parenchymal tissue, a pulmonary neutrophilia 

with abundant macrophages and lymphocytes, and excess eo-
sinophils. From studies in laboratory animals, it is thought that 
formalin-deconformed viral antigens raised nonprotective anti-
bodies that led to a Th2 polarization of the immune response 
and a deficit of cytotoxic T cells. It was also the case that mice 
immunized with RSV inactivated with UV radiation, a puri-
fied fusion (F) protein, or a vaccinia-RSV replicative construct 
experienced similar pathology following challenge with wild-
type virus. A  similar pathological response has repeatedly ac-
companied live virus challenge in several species of laboratory 
animals vaccinated with SARS and Middle East respiratory syn-
drome (MERS) CoV constructs, with and without adjuvants [9, 
10]. VAH may best be defined as a Coombs type III antigen hy-
persensitivity. It should be emphasized there is no formal proof 
that VAERD is antibody mediated. The mechanism(s) of the 
postmeasles vaccine disease enhancement and its similarity to 
VAERD are not known.

The biological behavior of some coronaviruses in non-
human species, together with evidence that human corona-
virus antibodies enhanced infection of SARS or MERS CoVs 
in Fc receptor-bearing cells in vitro, have led to speculations 
that ADE contributes to disease severity in humans [11]. It has 
been reported that high levels of SARS-CoV-1 IgG antibodies 
circulated in severe SARS cases and that anti-S IgG neutral-
izing antibody responses developed significantly faster after the 
onset of clinical symptoms in fatal compared with recovered 
cases, leading some to attribute enhanced tissue damage to 
ADE [12]. Because sera from SARS or MERS vaccinated an-
imals’ sera enhanced CoV infections in vitro, it was assumed 
that postvaccination pathologies, too, were ADE responses [13].

DENGUE ADE

If SARS or MERS infection outcomes are affected by iADE they 
should have epidemiological and disease features in common 
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with dengue virus (DENV). These are compared in Table 1. In 
vivo, iADE requires an initial immunological event, termed sen-
sitization. In dengue, this occurs in 3 settings: (1) first infections 
[26], (2) multitypic dengue antibodies passively transferred to 
infants (high antibody levels protect, low levels enhance) [27], 
and (3) vaccination resulting in incomplete protective immunity 
[14, 15]. Crucial to the occurrence of iADE is the circulation of 
4 antigenically related DENVs. After a first infection, there is a 
1 to 2-year period of relative cross-protection after which het-
erotypic DENV infection may cause severe disease [28]. Third 
or fourth sequential infections are not pathogenic. Preoutbreak 
age-specific distributions of dengue antibodies control age-
specific ADE disease attack rates. During heterotypic infections, 
viremias may be enhanced early but as illness progresses the 
titers and duration of viremias are shortened [16].

Dengue disease is a serious and widespread global health 
problem. In many dengue-endemic countries there is an esti-
mated 2% lifetime risk of hospitalization for enhanced dengue 
disease [29]. Severe DENV iADE infections are short-duration 
illnesses that elicit a stereotypical clinical course: an abrupt onset 
of fever and generalized symptoms followed around the time of 
defervescence by a rapid loss of fluid from the vascular compart-
ment and, in turn, anoxia, shock, and gastrointestinal hemorrhage 
[30]. The first suggestion of an immunopathology was finding that 
DENV infected peripheral blood leukocytes (PBL) from dengue-
immune monkeys and humans but not PBLs from nonimmune 
donors [31]. Severe DENV infections in infants implied that anti-
bodies were etiological factors, a hypothesis confirmed when 

antibody-mediated enhanced DENV infection was produced in 
monkeys [32]. Peak viremia titers observed early in the illness 
are predictive of severe dengue in humans [16]. Careful patho-
logical studies identified splenic and lymph node monocytes, 
macrophages, and dendritic cells as major targets of DENV in-
fection [17]. Fluid loss from the vascular compartment is attrib-
uted to capillary damage caused by circulating toxic viral protein 
(nonstructural protein 1 [ NS1]) [33]. In humans, disruption of 
endothelial glycocalyx components by NS1 correlates with plasma 
leakage during severe DENV infection [34]. DENV NS1-induced 
endothelial cell intrinsic pathway vascular leakage is related to loss 
of integrity of endothelial glycocalyx components both in vitro 
and in vivo and is independent of inflammatory cytokines [35].

Two corollary iADE phenomena have been described: (1) pas-
sively acquired dengue antibodies efficiently enhance infection/
disease, and (2) disease severity rates may increase rapidly during 
epidemics. Severe dengue accompanies first infections in infants cir-
culating dengue antibodies acquired from multi-immune mothers 
[36]. During the course of secondary DENV 2 epidemics in Cuba 
in 1981 and 1997, disease severity increased month to month. It has 
been suggested that a single amino acid mutation in NS1 may have 
increased disease severity by enhancing viremia or improving effi-
ciency of transmission of virus by vector mosquitoes [37].

SARS ADE?

A coronavirus disease of cats, feline infectious peritonitis 
(FIP), causes classic ADE disease [38]. The dominant in vivo 

Table 1. Dengue vs SARS-CoV-1 and SARS-CoV-2: Antibody-Dependent Enhancement Checklist

Risks Dengue SARS-CoV-1 and SARS-CoV-2

Sensitizing agent 4 dengue viruses  Unknown

Host cell infected Predominantly monocytes, macrophages,  
mature dendritic cells [19]

Predominantly pulmonary epithelium [18]

Infected organs Lymph nodes, spleen [17] Lung, other organs

Sequence 2nd heterotypic DENV infection [20] Unknown

Specific sequence 12 possible 2nd infection sequences, some more pathogenic 
than others [20]

Unknown

Immunity post 1st infection, homologous Lifetime Presumed long duration protection 
against homologous virus

Immunity post 1st infection, heterologous 1–2 y protection [21] Unknown

Immunity post 1st infection, heterologous Post 1–2 y, lifetime sensitization to ADE with 2nd infection [22]  Unknown

Immunity post 2nd infection Lifetime protection Unknown

Viremia Peak enhancement early, duration 2nd infection shorter than 1st 
infection [16]

Unknown

Virus in tissues RNA, viral antigen detected. No live virus [23] Live virus isolated

Risk factors Preexisting health conditions Preexisting health conditions

Risk factors: age Youngest and oldest at greatest risk Oldest at greatest risk

Attack rates Controlled by prevalence of 1st DENV infection antibodies [22]. No antibody effect observed

ADE with passive antibody 5 to 11-month-old infants born to DENV-immune mothers [22] Not observed

Viral pathogenicity Increases month to month, single mutation controls [24] Not observed

Vaccine ADE Dengvaxia raises nonprotective (ADE) antibodies, sensitizing 
nonimmunes [14, 15]

Challenge virus produces VAH in vaccin-
ated animals [9, 10, 25]

Abbreviations: ADE, antibody-dependent enhancement; DENV, dengue virus; SARS-CoV, severe acute respiratory syndrome coronavirus; VAH, vaccine hypersensitivity reaction.
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target for FIPV infection is peritoneal macrophages. Passively 
acquired maternal antibodies convert FIPV infections in kit-
tens from a mild disease to one with fatal outcome. Many FIP 
vaccine constructs have sensitized animals to breakthrough 
ADE infections. In contrast to FIP, SARS and MERS CoV 
infections in humans predominantly affect the respiratory 
tract and other organs but not the reticuloendothelial system. 
A prevailing hypothesis is that SARS-CoV-1 and 2 enter cells 
via attachment of spike (S) protein to the ACE2 receptor. Most 
patients who die of SARS develop an acute respiratory distress 
syndrome [18]. Age-based case fatality ratios for SARS and 
coronavirus disease 2019 (COVID-19) are similar. During 
2001–2003, among those infected with SARS-CoV-1, fatalities 
occurred in less than 1% of those under 25 years old, 6% among 
those aged 25–44 years, 15% in those aged 45–64 years, and 
more than 50% in those 65 years or older [18]. SARS-CoV-1 is 
a viral infection of alveolar epithelium resulting in diffuse al-
veolar damage, epithelial necrosis, and fibrin and hyaline dep-
osition accompanied by an infiltration of multinucleated giant 
cells with evidence of infection of macrophages in the alveoli 
and in lung interstitium [39]. The principal target of infec-
tion is alveolar epithelial cells, apparently directly damaged by 
virus [39]. Severe diarrhea is not matched with corresponding 
intestinal pathology and there is a discrepancy between the 
histological damage and widespread viral infection of liver, 
distal convoluted renal tubules, sweat glands, parathyroid, 
pituitary, pancreas, adrenal gland, skeletal muscle, and cere-
brum [40]. SARS-CoV-1 infections are of long duration, char-
acterized by virus shedding from the intestines, respiratory 
secretions, and sweat exhibits an increase in infection inten-
sity during the course of illness [40]. SARS-CoV-1 infections 
usually result in a normal IgM to IgG transition, although IgG 
antibodies were sometimes observed as early as 4  days after 
onset of illness. It is thought that competent T-cell immunity 
is essential for recovery [41].

While many clinical and pathological features are shared 
by SARS, MERS, and COVID-19, lungs from patients with 
COVID-19 show distinctive severe endothelial injury asso-
ciated with the presence of intracellular virus and disrupted 
cell membranes. Histological analysis of pulmonary vessels 
in patients with COVID-19 showed widespread thrombosis, 
microangiopathy, and a reactive angiogenesis [42]. Indeed, 
there is growing evidence of thromboembolic phenomena in 
COVID-19 [43]. In severe and fatal SARS and MERS the dom-
inance of the inflammatory response gave rise to the concept 
that cellular damage was due to a “cytokine storm” [44]. Because 
cytokines are stimulated by viral infection itself, it is difficult 
to distinguish between cytokines as cause or effect of infection. 
In dengue, capillary damage has been attributed to a cytokine 
storm. Instead, recent data suggests damage results from a cir-
culating viral toxin [33].

CONCLUDING REMARKS

With others, we conclude that the differences in clinical, epidemi-
ological, and pathological features of SARS and DENV diseases 
suggest that iADE does not contribute to the severity of natural 
human coronavirus infections [3]. Because myeloid cells are not 
major targets of infection, vaccine-derived nonprotective corona-
virus antibodies are not expected to produce iADE infections in 
humans. High case fatality rates in elderly persons with preexisting 
conditions together with laboratory and autopsy studies support 
the contention that SARS-CoV-1 and 2 are direct pathogens, cen-
tering on type II pneumocytes, well-differentiated bronchial epi-
thelial cells, and other parenchymal cells [45]. If SARS-CoV-1 or 
2 infection severity were modified by enhancing antibodies ac-
quired earlier in life, severe and fatal cases should cluster in age 
groups reflecting the time of that past infection. A past infection 
age cluster effect is illustrated by the 2001 severe DENV 1 out-
break in Tahitian children [46]. The island-wide DENV 1 and 3 
infections that occurred in 1988–1990 protectively immunized 
older children. However, children born after 1990 were sensitized 
by DENV 2 infections during 1996–1997, explaining the occur-
rence of severe secondary DENV 1 disease in 4–12 year olds in 
2001 [46].

A question asked frequently is whether SARS or MERS CoV 
infections convey solid protective immunity. Viral respiratory 
infections often fail to protect the respiratory tract from rein-
fection by the same organism. Among immune individuals, 
respiratory tract superinfections occur frequently but usually 
without systemic disease [47]. For example, natural and vaccine 
immunes were reinfected with measles or rubella viruses and 
these infections may contribute to the spread of virus [48].

VAH is a postvaccination outcome that may be associated 
with nonprotective antibodies. VAH is a complex and poorly 
defined immunopathology. Several different SARS and MERS 
vaccines have been shown to elicit a postchallenge VAH in 
laboratory animals. Ominously, when SARS-CoV-1–immune 
monkeys were challenged with homologous virus most an-
imals had evidence of lung inflammation [47]. It is impor-
tant to note that inactivated measles vaccine and Dengvaxia 
exhibited short-term protection [6, 14]. A  central challenge 
to SARS-CoV-2 vaccine development will be differentiating 
early from sustained protection and will be greatly aided by 
a SARS-CoV-2 model of VAH in laboratory animal models. 
Recognition of vaccine constructs that achieve solid protection 
in humans might be accelerated by challenge of vaccinated 
human volunteers with live SARS-CoV-2 [49]. Better under-
standing of the clinical and immunological behavior of SARS-
CoV-2 itself might be achieved through direct infections of 
human volunteers [50]. Given the magnitude of the repertoire 
of COVID-19 problems and the need for an effective vaccine, 
the full force of worldwide investigative resources should be 
directed at unraveling the pathogenesis of VAH.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/222/12/1946/5891764 by guest on 25 August 2022



COVID-19 Vaccines: Should We Fear ADE? • jid 2020:222 (15 december) • 1949

Notes

Potential conflicts of interest. Both authors: No reported 
conflicts of interest. Both authors have submitted the ICMJE 
Form for Disclosure of Potential Conflicts of Interest. Conflicts 
that the editors consider relevant to the content of the manu-
script have been disclosed.

References

1. Saif LJ. Animal coronavirus vaccines: lessons for SARS. Dev 
Biol 2004; 119:129–40.

2. Pedersen NC. An update on feline infectious peritonitis: vi-
rology and immunopathogenesis. Vet J 2014; 201:123–32.

3. Arvin AM, Fink K, Schmid MA, et al. A perspective on po-
tential antibody-dependent enhancement of SARS-CoV-2. 
Nature 2020; 584:353–63.

4. Halstead  SB, Mahalingam  S, Marovich  MA, Ubol  S, 
Mosser  DM. Intrinsic antibody-dependent enhance-
ment of microbial infection in macrophages: disease reg-
ulation by immune complexes. Lancet Infect Dis 2010; 
10:712–22.

5. Ubol S, Halstead SB. How innate immune mechanisms con-
tribute to antibody-enhanced viral infections. Clin Vaccine 
Immunol 2010; 17:1829–35.

6. Fulginiti VA, Eller JJ, Downie AW, Kempe CH. Altered re-
activity to measles virus. Atypical measles in children pre-
viously immunized with inactivated measles virus vaccines. 
JAMA 1967; 202:1075–80.

7. Chin J, Magoffin RL, Shearer LA, Schieble JH, Lennette EH. 
Field evaluation of a respiratory syncytial virus vaccine and 
a trivalent parainfluenza virus vaccine in a pediatric popu-
lation. Am J Epidemiol 1969; 89:449–63.

8. Polack FP, Auwaerter PG, Lee SH, et al. Production of atyp-
ical measles in rhesus macaques: evidence for disease me-
diated by immune complex formation and eosinophils in 
the presence of fusion-inhibiting antibody. Nat Med 1999; 
5:629–34.

9. Tseng CT, Sbrana E, Iwata-Yoshikawa N, et al. Immunization 
with SARS coronavirus vaccines leads to pulmonary 
immunopathology on challenge with the SARS virus. PLoS 
One 2012; 7:e35421.

10. Bolles  M, Deming  D, Long  K, et  al. A double-inactivated 
severe acute respiratory syndrome coronavirus vaccine pro-
vides incomplete protection in mice and induces increased 
eosinophilic proinflammatory pulmonary response upon 
challenge. J Virol 2011; 85:12201–15.

11. Wang  SF, Tseng  SP, Yen  CH, et  al. Antibody-dependent 
SARS coronavirus infection is mediated by antibodies 
against spike proteins. Biochem Biophys Res Commun 
2014; 451:208–14.

12. Lee N, Chan PK, Ip M, et al. Anti-SARS-CoV IgG response 
in relation to disease severity of severe acute respiratory 
syndrome. J Clin Virol 2006; 35:179–84.

13. Jaume M, Yip MS, Cheung CY, et al. Anti-severe acute res-
piratory syndrome coronavirus spike antibodies trigger 
infection of human immune cells via a pH- and cys-
teine protease-independent FcγR pathway. J Virol 2011; 
85:10582–97.

14. Sridhar  S, Luedtke  A, Langevin  E, et  al. Effect of dengue 
serostatus on dengue vaccine safety and efficacy. N Engl J 
Med 2018; 379:327–40.

15. Borges  MB, Marchevsky  RS, Carvalho  Pereira  R, et  al. 
Detection of post-vaccination enhanced dengue virus 
infection in macaques: An improved model for early 
assessment of dengue vaccines. PLoS Pathog 2019; 
15:e1007721.

16. Vaughn DW, Green S, Kalayanarooj S, et al. Dengue viremia 
titer, antibody response pattern, and virus serotype corre-
late with disease severity. J Infect Dis 2000; 181:2–9.

17. Aye KS, Charngkaew K, Win N, et al. Pathologic highlights 
of dengue hemorrhagic fever in 13 autopsy cases from 
Myanmar. Hum Pathol 2014; 45:1221–33.

18. Peiris JS, Yuen KY, Osterhaus AD, Stöhr K. The severe acute 
respiratory syndrome. N Engl J Med 2003; 349:2431–41.

19. Balsitis  SJ, Coloma  J, Castro  G, et  al. Tropism of dengue 
virus in mice and humans defined by viral nonstructural 
protein 3-specific immunostaining. Am J Trop Med Hyg 
2009; 80:416–24.

20. Halstead  SB. Observations related to pathogenesis of 
dengue hemorrhagic fever. VI. Hypotheses and discussion. 
Yale J Biol Med 1970; 42:350–62.

21. Olkowski S, Forshey BM, Morrison AC, et al. Reduced risk 
of disease during postsecondary dengue virus infections. J 
Infect Dis 2013; 208:1026–33.

22. Halstead  SB, Nimmannitya  S, Cohen  SN. Observations 
related to pathogenesis of dengue hemorrhagic fever. IV. 
Relation of disease severity to antibody response and virus 
recovered. Yale J Biol Med 1970; 42:311–28.

23. Nisalak A, Halstead SB, Singharaj P, Udomsakdi S, Nye SW, 
Vinijchaikul  K. Observations related to pathogenesis of 
dengue hemorrhagic fever. III. Virologic studies of fatal dis-
ease. Yale J Biol Med 1970; 42:293–310.

24. Rodriguez-Roche R, Sanchez L, Burgher Y, et al. Virus role 
during intraepidemic increase in dengue disease severity. 
Vector Borne Zoonotic Dis 2011; 11:675–81.

25. Liu L, Wei Q, Lin Q, et al. Anti-spike IgG causes severe acute 
lung injury by skewing macrophage responses during acute 
SARS-CoV infection. JCI insight 2019; 4:e123158.

26. Sangkawibha  N, Rojanasuphot  S, Ahandrik  S, et  al. Risk 
factors in dengue shock syndrome: a prospective epidemio-
logic study in Rayong, Thailand. I. The 1980 outbreak. Am 
J Epidemiol 1984; 120:653–69.

27. Simmons CP, Chau TN, Thuy TT, et al. Maternal antibody 
and viral factors in the pathogenesis of dengue virus in in-
fants. J Infect Dis 2007; 196:416–24.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/222/12/1946/5891764 by guest on 25 August 2022



1950 • jid 2020:222 (15 december) • Halstead and Katzelnick

28. Anderson KB, Gibbons RV, Cummings DA, et al. A shorter 
time interval between first and second dengue infections is 
associated with protection from clinical illness in a school-
based cohort in Thailand. J Infect Dis 2014; 209:360–8.

29. Halstead SB. Neutralization and antibody-dependent enhance-
ment of dengue viruses. Adv Virus Res 2003; 60:421–67.

30. Cohen  SN, Halstead  SB. Shock associated with dengue 
infection. I.  Clinical and physiologic manifestations of 
dengue hemorrhagic fever in Thailand, 1964. J Pediatrics 
1966; 68:448–56.

31. Halstead SB, Chow JS, Marchette NJ. Immunological enhance-
ment of dengue virus replication. Nat New Biol 1973; 243:24–6.

32. Halstead  SB. In vivo enhancement of dengue virus infec-
tion in rhesus monkeys by passively transferred antibody. J 
Infect Dis 1979; 140:527–33.

33. Glasner  DR, Puerta-Guardo  H, Beatty  PR, Harris  E. The 
good, the bad, and the shocking: the multiple roles of 
dengue virus nonstructural protein 1 in protection and 
pathogenesis. Annu Rev Virol 2018; 5:227–53.

34. Suwarto S, Sasmono RT, Sinto R, Ibrahim E, Suryamin M. 
Association of endothelial glycocalyx and tight and adherens 
junctions with severity of plasma leakage in dengue infec-
tion. J Infect Dis 2017; 215:992–9.

35. Glasner DR, Ratnasiri K, Puerta-Guardo H, Espinosa DA, 
Beatty  PR, Harris  E. Dengue virus NS1 cytokine-
independent vascular leak is dependent on endothelial 
glycocalyx components. PLoS Pathog 2017; 13:e1006673.

36. Chau TN, Quyen NT, Thuy TT, et al. Dengue in Vietnamese in-
fants–results of infection-enhancement assays correlate with age-
related disease epidemiology, and cellular immune responses 
correlate with disease severity. J Infect Dis 2008; 198:516–24.

37. Chan KWK, Watanabe S, Jin JY, et al. A T164S mutation in 
the dengue virus NS1 protein is associated with greater dis-
ease severity in mice. Sci Transl Med 2019; 11:eaat7726.

38. Weiss RC, Scott FW. Pathogenesis of feline infectious per-
itonitis: nature and development of viremia. Am J Vet Res 
1981; 42:382–90.

39. Nicholls JM, Butany J, Poon LL, et al. Time course and cel-
lular localization of SARS-CoV nucleoprotein and RNA in 
lungs from fatal cases of SARS. PLoS Med 2006; 3:e27.

40. Lau YL, Peiris JS. Pathogenesis of severe acute respiratory 
syndrome. Curr Opin Immunol 2005; 17:404–10.

41. Liu  WJ, Zhao  M, Liu  K, et  al. T-cell immunity of SARS-
CoV: implications for vaccine development against MERS-
CoV. Antiviral Res 2017; 137:82–92.

42. Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary 
vascular endothelialitis, thrombosis, and angiogenesis in 
COVID-19. N Engl J Med 2020; 383:120–8.

43. Bikdeli B, Madhavan MV, Jimenez D, et al; Global COVID-
19 Thrombosis Collaborative Group, Endorsed by the ISTH, 
NATF, ESVM, and the IUA, Supported by the ESC Working 
Group on Pulmonary Circulation and Right Ventricular 
Function. COVID-19 and thrombotic or thromboem-
bolic disease: implications for prevention, antithrombotic 
therapy, and follow-up: JACC state-of-the-art review. J Am 
Coll Cardiol 2020; 75:2950–73.

44. Channappanavar  R, Perlman  S. Pathogenic human coro-
navirus infections: causes and consequences of cytokine 
storm and immunopathology. Semin Immunopathol 2017; 
39:529–39.

45. Peiris JS, Cheung CY. The macrophage in the pathogenesis 
of severe acute respiratory syndrome coronavirus infection. 
Hong Kong Med J 2009; 15(suppl 6):21–5.

46. Hubert B, Halstead SB. Dengue 1 virus and dengue hem-
orrhagic fever, French Polynesia, 2001. Emerg Infect Dis 
2009; 15:1265–70.

47. Clay  C, Donart  N, Fomukong  N, et  al. Primary severe 
acute respiratory syndrome coronavirus infection limits 
replication but not lung inflammation upon homologous 
rechallenge. J Virol 2012; 86:4234–44.

48. Horstmann  DM, Liebhaber  H, Le  Bouvier  GL, 
Rosenberg  DA, Halstead  SB. Rubella: reinfection of vac-
cinated and naturally immune persons exposed in an epi-
demic. N Engl J Med 1970; 283:771–8.

49. Eyal N, Lipsitch M, Smith PG. Human challenge studies to 
accelerate coronavirus vaccine licensure. J Infect Dis 2020; 
221:1752–6.

50. Halstead  SB. An urgent need for “common cold units” to 
study novel coronavirus disease (COVID-19). Am J Trop 
Med Hyg 2020; 102:1152–3.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/222/12/1946/5891764 by guest on 25 August 2022


