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Abstract

Vaccine-associated enhanced disease (VAED) is a serious barrier to attaining successful virus vaccines in human and veteri-
nary medicine. VAED occurs as two different immunopathologies, antibody-dependent enhancement (ADE) and vaccine-
associated hypersensitivity (VAH). ADE contributes to the pathology of disease caused by four dengue viruses (DENV)
through control of the intensity of cellular infection. Products of virus-infected cells are toxic. A partially protective yellow
fever chimeric tetravalent DENV vaccine sensitized seronegative children to ADE breakthrough infections. A live-attenuated
tetravalent whole virus vaccine in phase III testing appears to avoid ADE by providing durable protection against the four
DENV. VAH sensitization by viral vaccines occurred historically. Children given formalin-inactivated measles or respiratory
syncytial virus (RSV) vaccines experienced severe disease during breakthrough infections. Tissue responses demonstrated
that VAH not ADE caused these vaccine safety problems. Subsequently, measles was successfully and safely contained by
a live-attenuated virus vaccine. The difficulty in formulating a safe and effective RSV vaccine is troublesome evidence that
avoiding VAH is a major research challenge. VAH-like tissue responses were observed during breakthrough homologous
virus infections in monkeys given severe acute respiratory syndrome (SARS) or Middle East respiratory syndrome (MERS)
vaccines.

Human and veterinary vaccines may sensitize to The COVID-19 pandemic has produced widespread specu-
enhanced breakthrough virus infections. lation that antibody-dependent enhancement (ADE) may
jeopardize the safety of SARS CoV-2 vaccines or immuno-
therapies [1, 2]. While concerns about COVID-19 vaccine
safety and efficacy may be justified, it is important to dif-
ferentiate mechanisms of vaccine-associated enhanced dis-
Vaccine safety requires studies designed to identify and ease (VAED). Viral vaccines have been shown to sensitize
avoid virus vaccine-enhanced disease. individuals to VAED by at least two distinct immunopatho-
logic mechanisms. In humans, early in the 1960s, formalin-
inactivated measles vaccines were introduced in the US and
Europe. Within months, large numbers of vaccinated chil-
dren developed ‘atypical measles’ [3]. A similar outcome,
vaccine-associated enhanced respiratory disease (VAERD),
was observed in infants 4—12 months of age, given formalin-
inactivated respiratory syncytial virus (RSV) vaccines who a
few months later were infected by RSV [4]. Recently, ADE
was identified as the cause of breakthrough severe dengue
disease in seronegative children who had been given a yel-
low fever chimeric tetravalent dengue vaccine [5, 6]. It has
been known for some time that ADE causes feline infec-
1" Rockville, MD, USA tious peritonitis (FIP), a fatal Arthus-like pyogranulomatous

At least two mechanisms of sensitization, antibody-
dependent enhancement and vaccine-associated hyper-
sensitivity, are identified.
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coronavirus disease in vaccinated kittens and cats [7-9].
These two different vaccine sensitization scenarios are con-
trolled by pathogenetic mechanisms as yet incompletely
understood [10].

In assessing the safety of COVID-19 vaccines, it was
established that animals given severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome
(MERS) vaccines and then challenged with wild corona-
viruses developed pathological tissue responses similar
to those of RSV and measles VAED [11, 12]. The simi-
lar pathologies of breakthrough RSV and measles in vac-
cinated humans and post-SARS and MERS vaccination of
animals suggests they result from responses of increased
severity to viral infection. This has been termed vaccine-
associated hypersensitivity (VAH) [13]. When VAED lit-
erature searches are extended to domestic animals, a much
broader etiological and pathological picture emerges. This
review considers the nature, mechanisms, and the implica-
tions of VAED for human vaccine development. Causative
mechanisms discussed include ADE occurring during natu-
ral infections and in vaccinated humans and animals, and
VAH in vaccinated humans and animals. The larger complex
of immunopathologies associated with breakthrough virus
infections in vaccinated domestic animals is considered
briefly.

2 Vaccine-Associated Enhanced Disease
(VAED)

2.1 Antibody-Dependent Enhancement (ADE)

ADE is a generic phenomenon of Fc-receptor-bearing tar-
get cells in which increased intracellular replication occurs
when infecting micro-organisms are presented as immune
complexes in contrast to infection by naked micro-organisms
[14, 15]. This is called intrinsic ADE, to be distinguished
from extrinsic ADE, which is an increased rate of attachment
or internalization of organisms presented as IgG antibody
complexes to Fc receptor-bearing cells compared with virus
only [14, 15]. Extrinsic ADE was recognized as an increase
in Murray Valley encephalitis (MVE) virus plaque counts
on chick embryo monolayers in the presence compared with
the absence of MVE antibodies [16, 17]. Intrinsic ADE was
discovered when monkeys immune to DENV 1, 3 or 4 were
challenged with DENV 2 and circulated virus at significantly
higher levels than during DENV 2 infections in susceptible
animals [18].

2.1.1 Dengue ADE in Humans During Natural Infections

Human counterparts to in vitro and monkey in vivo ADE
phenomena were identified when multiple types of DENVs
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were found to cause fatal epidemic dengue hemorrhagic
fever (DHF) in the Philippines and Thailand in the 1950s
[19, 20]. Longitudinal studies in Thailand established that
DHF accompanied a second heterotypic DENV infection
and also a first DENV infection in infants born to DENV
immune mothers [21, 22]. In humans with DHF, virus titers
in blood were significantly increased early in secondary
DENYV infections, achieving titers that correlated with dis-
ease severity and differing from lower peak viremia titers
and milder disease accompanying primary DENV infec-
tions [23]. An animal model counterpart to infant DHF was
demonstrated when monkeys receiving low concentrations
of human dengue immune cord blood antibodies developed
enhanced DENV 2 viremias compared with viremias in
dengue-naive animals [18].

The mechanism by which antibodies control infection
severity in humans was recognized when myeloid cells
were identified as principal targets of in vivo DENV infec-
tions [24, 25]. Paradoxically, the ligation of monocyte/mac-
rophage Fcy receptors by IgG immune complexes was found
to suppress innate immunity, liberate IL-10, and bias Thl to
Th2 responses. Intrinsic ADE may operate with many pro-
tozoan, bacterial, and viral organisms infecting a spectrum
of vertebrate hosts [10, 14]. ADE provides a unitary mecha-
nism explaining DHF in individuals infected after a single
prior DENV infection and also those circulating, passively
acquired DENV antibodies [26]. Monocytes/macrophages
process circulating subneutralized IgG dengue antibody
complexes with consequent regulation of infection inten-
sity [27]. The complexities, mechanisms, and outcomes of
dengue ADE have been described in greater detail elsewhere
[28].

In humans, ADE produces a life-threatening dengue
shock syndrome (DSS), more accurately labeled dengue
vascular permeability syndrome (DVPS), occurring in
~ 2% of second heterotypic DENV infections [29]. DVPS
is characterized by thrombocytopenia, altered hemostasis,
activated complement, and elevated cytokine/chemokine
and liver enzyme levels recognized shortly before or with
defervescence. Damaged endothelium allows fluid and small
macromolecules to escape circulation, and if fluid is not
replaced, may lead to shock [30, 31]. This clinical course
aptly describes a new Coombs/Gell Type V immunopathol-
ogy in which IgG immune complexes enhance microbial
infections in FcR-bearing cells.

In 2015, Paul Young’s group reported an analogy between
the cellular biology of bacterial lipopolysaccharides (LPS)
and that of DENV non-structural protein 1 (NS1) [32]. LPS
is responsible for septic shock. Both molecules interact with
toll-like receptor 4 (TLR 4) on the surface of monocytes,
macrophages, and endothelial cells, inducing the release of
arange of cytokines and chemokines. These same cytokines
circulate in the blood of patients with DHF/DSS and often
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are mistakenly attributed to be the direct cause of vascular
permeability [33, 34]. In vitro, NS1 results in the disrup-
tion of endothelial cell monolayer integrity. Crucially, the
same observation was confirmed in an in vivo model [35].
The Harris laboratory showed that DENV 2 NS1 inoculated
intravenously at physiologically relevant concentrations in
sub-lethally DENV 2-infected C57BL/6 mice produced
lethal vascular permeability. Vaccination of mice with
DENYV 2 NSI1 protected them against endothelial leakage
and death from lethal DENV 2 challenge. The authors con-
clude that DSS may be a viral protein toxicosis. NS1-medi-
ated cytokine release could be inhibited by the TLR4 antago-
nist LPS-Rhodobacter sphaeroides, suggesting an avenue for
therapeutic intervention. In dengue, ADE controls intensity
of cellular infection. The products of virus-infected cells are
the cause of disease.

Dengue ADE is not a simple process. Four different
DENVs circulate as large numbers of antigenic and bio-
logical variants that participate in serial infections of very
large numbers of genetically diverse humans. Antibody-
enhanced secondary heterotypic DENYV infections occur in
12 sequences. Of these, a first infection by DENV 1 or 3 fol-
lowed by infection with DENV 2 generates DVPS at higher
frequencies than with other sequences [29]. The clinical
severity of a DENV infection may be moderately increased
in individuals with a prior Japanese encephalitis (JE) or Zika
virus infection [36, 37]. This implies that IgG JE or Zika
antibodies complexed with DENVs send weaker inhibitory
signals via the Fc receptor than do dengue antibodies com-
plexed with DENVs. These differences in in vivo mecha-
nisms are not understood and have not been reproduced
in vitro. Antibodies to any flavivirus readily enhance DENV
infections in Fc-receptor-bearing cell cultures [38]. Individu-
als experiencing infections with DENVs circulate a mix of
antibodies, the majority of which are able to enhance DENV
infections. Dengue ADE is expressed with greatest clinical
severity in young children who have an innate endothelial
fragility and in the elderly with pre-existing conditions [39].
Genetic factors may also control the clinical outcomes of
dengue ADE. DVPS attack rates during secondary DENV
infections of sub-Saharan Africans are significantly lower
than rates in Caucasians or Asians [40].

2.1.2 Dengue ADE in Vaccinated Humans: Yellow Fever
Chimeric Vaccine

Viable viral chimeras were obtained when genes of struc-
tural virus proteins of one flavivirus were introduced into
a backbone of another [41]. This technology resulted in
dengue virus attenuation leading to a candidate DENV 1-4
chimera of yellow fever 17 D virus [42]. Grown in Vero
cells, these constructs exhibited attenuation attributes in
pre-clinical testing, resulting in commercial production

by Sanofi Pasteur as Dengvaxia. A three-dose (0, 6, and
12-month regimen) chimeric yellow fever tetravalent den-
gue vaccine was tested in a phase III efficacy trial involv-
ing 35,000 children in ten dengue-endemic countries [43].
Twenty-five months after a third dose, pooled efficacy rates
were 60.3% for all symptomatic participants, 65.6% for
those 9-16 years of age, and 44.6% for those younger than
9 years. Vaccine protection against hospitalization was
somewhat better, 72.6% for children of all ages, 80.75%
for children 9 years and older, but 55.8% for those aged
< 9 years. Among the 2029 children who were 5 years or
younger and received the vaccine, 20 were hospitalized for
dengue compared with only two among 1005 controls, a
relative risk of 4.95, p = 0.03. This led the manufacturer
and WHO advisory groups to recommend Dengvaxia be
given to children 9 years and older and directed to popula-
tions in national and regional settings with a dengue sero-
prevalence of 70% or greater [43, 44].

Based on these results, Sanofi re-examined the phase III
Dengvaxia vaccine efficacy and safety [5]. While few chil-
dren had been bled prior to vaccination, all were bled 13
months after the first dose. Using these sera, the serosta-
tus at the time of vaccination was estimated by identifying
DENYV NSI1 antibodies in a 10% random sample of the phase
IIT population. Five years after the first dose, protection by
Dengvaxia against symptomatic dengue in all age groups
fell to 34%, a relative risk of 0.66. Regardless of serosta-
tus, in the complete phase III population, 80 vaccinated
children were hospitalized with severe dengue, defined as
thrombocytopenia and vascular permeability (standard cri-
teria for DHF), compared with 62 severe cases in controls,
a relative risk of 0.647. Among 2- to 8-year-old children
vaccinated as seronegatives, risks of breakthrough clinical
dengue rose steeply. There were 137 hospitalizations among
1928 vaccinated children compared with 37 among 1006
controls (multiple imputation method), relative risk 1.87;
p > 0.05. Among vaccinated 2- to 8-year-old seronegative
children, 30 had severe dengue compared with five in the
control group, relative risk 3.1; p < 0.05. This comprises
evidence of VAED due to ADE. Seronegative vaccinated
9- to 16-year-olds also experienced higher rates of hospi-
talization than controls. Of 3300 vaccinated and 1710 con-
trols, 14.8 children were hospitalized with severe dengue
versus 3.6 in the controls, relative risk 2.27, not significant.
Absence of statistical power can be attributed to small num-
bers. When phase III data were applied to the Philippines,
where 880,464 9-year-old children were vaccinated in 2016,
among an estimated 132,070 seronegatives, it was projected
during a 4-year period there would be 2241 hospitalizations
with 480 severe dengue cases [6]. The Philippine press has
reported deaths among vaccinated children. Data identify-
ing pre-vaccination serostatus for any of these cases can-
not be found in the public domain. That being said, in the
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Philippines, case fatality rates for children hospitalized with
severe dengue are consistently around 5%.

2.1.3 Poorly Protective Vaccine, ADE Status Uncertain:
Dengue 2 Chimeric Vaccine

A second chimeric vaccine produced by Takeda Pharmaceu-
ticals, TAK 003, given as two doses, incorporates prM and E
genes of PDK-attenuated DENV 1, 3 and 4 into the genetic
backbone of DENV 2 16681 PDK 53 and is grown in Vero
cells [45]. The DENV 2 in TAK 003 is the same attenuated
virus as in the earlier Mahidol/Aventis Pasteur tetravalent
vaccine tested in phase II [46]. When grown in PDK, this
DENYV 2 was immunogenic and non-reactogenic in ten fla-
vivirus non-immune US adult volunteers, eight of whom
were viremic to a maximum of 4 days and all developed
neutralizing antibodies that persisted for 2 years [47]. In
January 2018, Takeda announced completion of a phase III
trial in eight dengue endemic countries in South-East Asia
and Latin America [48]. The cumulative efficacy for sympto-
matic dengue regardless of serostatus over 2 years was 72.7%
(95% CI 67.1-77.3) [49]. Efficacy declined from 80.2% in
year 1 to 56.2% (95% CI 42.3-66.8) in year 2, the largest
decline to 24.5% (95% CI —34.2 to 57.5) in 4- to 5-year-
old children, with efficacies of 60.6% (95% CI 43.8-72.4)
in 6- to 11-year-olds and 71.2% (95% CI 41.0-85.9) in the
12- to 16-year age groups. Prevention of hospitalization
over 2 years remained high, at 89.2% (95% CI 82.4-93.3).
Serotype vaccine efficacy, regardless of serostatus, was 69%
for DENV 1, 90.8% for DENV 2, 51.4% for DENV 3, with
insufficient DENV 4 cases to measure efficacy. Because
TAK-003 efficacy varies by serotype, observed changes in
serotype dominance in vaccine study sites may contribute
to year-to-year efficacy differences. Somewhat alarmingly,
compared with placebos, during year 2, vaccinated seron-
egative 4- to 5-year-olds experienced an increased rate of
mild and hospitalized dengue illnesses including cases with
hematocrit rises. Due to under-powering, this increase was
not significant, but may be a warning.

2.1.4 Dengue Vaccine ADE in Laboratory Animals:
Formalin-Inactivated Whole Virus

Dengue vaccine development started in 1929 when virus in
blood or mosquitoes was inactivated with phenol, formalin,
or bile and inoculated in human volunteers who were then
challenged with live virus [50, 51]. Since then, there have
been comprehensive efforts to develop and test candidate
purified formalin-inactivated dengue vaccines. Monova-
lent or tetravalent formalin-inactivated purified vaccines,
prepared with or without adjuvants, were inoculated in
rhesus monkeys then challenged with wild-type DENVs at
varying intervals. All purified inactivated vaccines (PIVs)
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raised significant levels of neutralizing antibodies [52—54].
On challenge with live DENYV, low levels of viremias or
RNAemias were detected. Because viremia levels were
considered to be lower than levels in diseased humans
while antibody responses were fairly robust, vaccines were
advanced to phase I in susceptibles and partial dengue-
immunes [55-57]. The Walter Reed Army Institute of
Research (WRAIR), GSK and the Oswaldo Cruz Foundation
produced and tested a candidate tetravalent PIV formulated
with aluminum hydroxide (AIOH) or a GSK proprietary
Adjuvant System. On short-interval challenge, vaccinated
rhesus monkeys were protected [54]. When a larger group
of animals were immunized then challenged with each of
the four wild-type DENVs 8 months later, many vaccinated
animals given either adjuvant had breakthrough viremias or
RNAemias. Nearly all had anamnestic antibody responses
and, compared with DENV-only controls, many had elevated
levels of aspartate aminotransferase (AST) and distinctive
IL-10, IL-18, IFN-y, and IL-12 response patterns [58].
These results are the first demonstration of a vaccine clinical
physiological DENV ADE response in an experimental ani-
mal model. Detection of ADE in the monkey model resulted
in termination of the PIV development program.

2.1.5 Avoiding Vaccine ADE: Molecularly Attenuated
Dengue Viruses

Recombinant DNA technology allowed removal of 30
nucleotides (A30) from the non-translated region (NTR)
of a DENV 4 genome, leading to reduced replication effi-
cacy and a virus attenuated for susceptible humans [59].
For more than 20 years, scientists at the National Institute
of Allergy and Infectious Diseases (NIAID) and the Johns
Hopkins Bloomberg School of Public Health have designed
and tested dengue vaccine candidates. DENV 1 and 4 were
attenuated at A30, while a DENV 3 A30/31 vaccine strain
was achieved by deleting additional NTR nucleotides. A
DENYV 2 vaccine was constructed as a chimera with DENV
4 A30. A crucial component of this development program
was that each monovalent vaccine candidate was tested for
immunogenicity and attenuation in seronegative human
volunteers. Vaccines were constructed into two similar live
attenuated tetravalent dengue vaccine candidates (LATV),
designated TV003 and TVO005 [60]. Twenty susceptible vol-
unteers given a single dose of tetravalent vaccine TV003
were challenged 6 months later with DENV 2 A30 (Tonga
74). They experienced no viremia, dengue rash, or anam-
nestic antibody response (defined as ‘solid protection’) [61].
Also, a single dose of TV003 solidly protected seronegative
human volunteers to challenge with non-parental wild-type-
like DENV 3 A30 (Sleman 78) over short and long periods.
Innovatively, a second vaccine dose was used as a test of
protection, defined as the absence of viremia, rash, and no
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anamnestic antibody response. That LATV protection is
likely to be of long duration is evidenced by a solid protec-
tion response to a booster dose of live attenuated vaccine 12
months after initial dose (Durbin A, personal communica-
tion, 28 December 2020).

These results are complemented by data that a single dose
of LATYV raises monospecific DENV 1-4 neutralizing anti-
bodies that are conformationally similar to those raised by
wild-type dengue virus human infections [62]. Moreover,
T-cell responses to LATV closely resemble those raised
following infections with wild-type dengue viruses [63].
Finally, the NIAID LATYV contains genes for three of the
four DENV NSI1 proteins. TV003 was licensed indepen-
dently to Butantan, a vaccine manufacturer in Sao Paulo,
Brazil and to Merck & Co. Inc. At Butantan, a vaccine is
in the fourth year of phase III clinical testing. The rate of
accruing vaccine efficacy data in Brazil was slowed by the
80% reduction in dengue cases in 2018 that followed the
Zika virus epidemic of 2016—17 [64]. Release of the Brazil-
ian phase III results are expected in 2022. Merck’s plans for
the development and release of the vaccine have not been
announced.

2.2 Vaccine-Associated Hypersensitivity (VAH)
2.2.1 VAH in RSV and Measles-Vaccinated Humans

Susceptible children given measles or RSV vaccines subse-
quently exposed to wild-type viruses developed a severe viral
disease characterized by eosinophilia, complement fixation,
and Arthus-like pathology [3, 4, 65, 66]. The mechanism
has been attributed to delayed type hypersensitivity and/or
an Arthus reaction [67-69]. Lungs from fatal RSV cases in
humans had high titers of virus, damage to parenchymal tis-
sue, bronchopneumonia with atelectasis, and pneumothorax,
a pulmonary neutrophilia with abundant macrophages and
lymphocytes and excess eosinophils. Based on laboratory
animal models, it is thought that formalin de-conformed
viral antigens raised non-protective antibodies that led to
a Th2 polarization of the immune response and a deficit of
cytotoxic T cells. The role that eosinophils play in patho-
genesis is not well understood [70]. There is no formal proof
that VAERD in humans is antibody mediated [71]. Indeed,
it is ironic that a human monoclonal RSV antibody given to
young infants reliably prevents naturally occurring severe
RSV disease. The mechanism(s) of the post-measles vaccine
disease enhancement in humans and its similarity to VAERD
are not established. In both, the clinical course illustrates a
type III immunopathology in which foreign antigen—anti-
body complexes are trapped in the basement membranes of
endothelial linings. Examples include acute serum sickness
and glomerular nephritis [72].

2.2.2 Laboratory Animal Model of VAH

Initially, a lead hypothesis was that RSV vaccine pathol-
ogy was an example of ADE. In a bonnet monkey model,
RSV antibody increased virus infection of pulmonary
macrophages [73, 74]. However, in humans in vivo, pul-
monary epithelial cells, not macrophages, are prime targets
of infection. An alternate model is that antibodies raised
by formalin-treated viral antigens increase RSV disease
severity by forming infectious immune complexes that acti-
vate complement [67, 68]. This pathologic response affects
lung function, but may also control Th2 differentiation
[75]. It was thought that formaldehyde-inactivated proteins
raised antibodies of reduced protective capacity because
of increased reactive carbonyl groups that favored Th2
immune responses following phagocytosis by macrophages
via scavenger receptors [76]. However, inactivation of RSV
by methods other than formalin also sensitized experimental
animals to enhanced disease. Mice immunized with RSV
treated with ultraviolet (UV) light, purified fusion (F) pro-
tein, or a vaccinia RSV replicative construct experienced
enhanced disease following challenge with wild-type virus
[72, 77]. It was found that toll receptor (TLR) activation
was required for avidity maturation [72]. When MyDS88, a
downstream adaptor of most TLRs, including TLR 4 and 7,
was present, inoculation of WT RSV resulted in avid and
protective antibody responses. In MyD88”" mice, inoculation
with this immunogen was not protective. Passive cellular
transfer experiments using MyD88”~ mice revealed that TLR
stimulation occurred in B lymphocytes. Of interest, when
UV-inactivated virus was administered along with the TLR
agonists lipopolysaccharide (TLR 4 agonist) and poly (I:C)
+ poly U (TLR 3, 7 agonists) as opposed to use of alum
(a TLR-independent adjuvant), mice were protected against
RSV challenge.

Both high and low avidity antibodies were directed to the
same amino acid epitope of F protein (aa 422—438). In mice,
formalin-deconformed RSV epitopes resulted in a failure
of avidity maturation, evidenced by sub-optimal maturation
of dendritic cells and reduced production of activation fac-
tors, CD 40, CD 80, and CD 86, and decreased germinal
center formation in lymph nodes [72]. Low avidity antibody
responses to UV-treated F protein were converted to high
avidity when antigen was administered on 5 consecutive
days.

A monkey model of RSV vaccine immunopathology
provided important insights into disease-producing mecha-
nisms. As in mice, formalin inactivation of RSV yielded
an antigen that poorly activated B-cell TLRs, exhibited
defective affinity maturation, and produced non-protective
antibodies [72, 78]. In addition, there was a dissociation
of neutralizing and ELISA antibody responses, enhanced
interleukin IL-4, IL-5, and IL-13 responses, and tissue
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eosinophilia [79-81]. It was suspected that T cells might
play a role in RSV lung pathology following administra-
tion of killed vaccine when it was established that specific
antibodies to formalin-inactivated RSV, in the absence of
CD4+ and CD8+ T cells, were not sufficient to cause dis-
ease enhancement [82]. In addition, T-cell responses to RSV
contribute to tissue pathology and are identifiable once cel-
lular infection is well established. T cells signal the host’s
attempts to contain and eliminate virus-infected cells. Of rel-
evance, cynomolgus monkeys given a formalin-inactivated
vaccine then challenged with wild-type human metapneu-
movirus, a member of the RSV family, developed clinical
and pathological responses suggestive of immune-mediated
disease [81].

2.2.3 VAH in SARS CoV-Vaccinated Animals

VAH has been documented in a number of SARS-CoV-1
animal models. In a mouse model, pre-clinical testing of
SARS-CoV-1 vaccines led to pulmonary immunopathology
upon challenge with SARS-CoV-1 [83, 84]. Vaccines sensi-
tizing to an immunopathologic response to live virus chal-
lenge include inactivated whole viruses, inactivated viruses
with adjuvant, and a recombinant DNA spike (S) protein
vaccine in a virus-like particle (VLP) vaccine. Severe pneu-
monia was observed in mice vaccinated with nucleocapsid
protein after challenge with SARS-CoV-1 [85]. Enhanced
hepatitis was described in a ferret model using a vaccine
constructed with a recombinant modified vaccinia virus
Ankara (rMVA) expressing the SARS CoV-1 spike protein
[86]. Dominant SARS CoV-1 epitopes produced enhanced
tissue responses in vaccinated rhesus macaques challenged
with wild virus [87]. VAH may be classified as a Coombs
type III antigen hypersensitivity. A similar pathological
response has been observed in several species of laboratory
animals immunized with various other SARS and MERS
CoV constructs, with and without adjuvants, then challenged
with live virus [11, 83].

2.2.4 Avoiding VAED

Inactivated measles VAED was successfully avoided with
the introduction of a durable single-dose live-attenuated
measles virus. While live measles vaccine does not pre-
vent respiratory tract super-infection, it effectively prevents
measles disease accompanying reinfection [88]. Evidence
of broad and sustained protection of humans by a live-
attenuated DENV vaccine is not yet available, but successful
DENYV 2 and 3 challenge studies of seronegative volunteers
given a single dose of the NIAID tetravalent live-attenuated
DENYV vaccine suggests the NIAID live-attenuated DENV's
will protect and will not sensitize to dengue ADE.
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For many reasons, attempts to introduce live-attenuated
RSV vaccines have not been successful. One reason has been
the difficulty of achieving robust immune responses in young
infants who circulate maternal RSV antibodies. Based on
studies in animal models, RSV intravenous immune globu-
lin was introduced and subsequently replaced by human-
ized monoclonal antibodies directed at antigenic site II on
the RSV F protein. These antibodies, given to premature
infants and infants with developmental conditions, have been
effective in reducing severe and fatal disease and are used
in standard practice. Importantly, consistent with VAH, not
ADE, as the pathogenic mechanism, the waning of passively
acquired RSV antibodies does not sensitize infants to severe
disease [7-9].

3 Discussion

There is a large literature of vaccine failures in veterinary
medicine, some of which are accompanied by enhanced
breakthrough disease [89-104]. These pose a continuing
challenge to attaining safe and effective vaccines. In vet-
erinary medicine, viral vaccine sensitization is due both to
ADE and VAH, with many iterations and mechanisms as yet
unsolved. Table 1 is a partial list of veterinary viral vaccines
exhibiting in vitro ADE or VAH-like tissue responses. It
should be noted that, regardless of VAED response, viruses
of many genera exhibit in vitro ADE. This test cannot be
used to distinguish vaccine immunopathologies. Several
examples of VAED are illustrative.

Feline coronaviruses exist in two forms. Feline enteric
coronavirus is a pathogen of minor significance. A spontane-
ous mutation of this virus results in a feline infectious perito-
nitis virus (FIPV) that replicates in peritoneal macrophages,
producing peritonitis and occasionally FIP, a fatal Arthus-
like pyogranulomatous disease in kittens and cats. ADE
has long been identified as the disease-enhancing mecha-
nism [7-9]. That antibodies are pathogenic is evidenced by
observations that kittens who have acquired passive maternal
FIPV antibodies develop a more rapid and fulminant disease
following challenge with FIPV than do seronegatives [8].
Disease enhancement has been demonstrated in cats that
were infected in the presence of vaccine-derived humoral
immunity directed against the spike protein of FIPV [89].
Similarly, cats immunized with a recombinant vaccinia
virus expressing the spike protein of FIPV died earlier than
control animals [89]. In adult cats, FIPV develops during
chronic infections with feline coronaviruses after FECV
mutates to FIPV, gaining macrophage tropism [90]. As
antibody responses are mounted to FIPV infection, disease
severity is enhanced [9]. In summary, antibody responses to
FIPV during the course of infection and the passive trans-
fer of antibodies from natural infections and immunization
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Table 1 Observed in vitro ADE and enhanced viral diseases in animals sensitized by administration of vaccines

Viruses/host In vitro ADE In vivo VAED References
RNA Virus Group
Orthomyxoviridae Influenza A, mice + VAH (mouse model) [105]
Influenza A, pigs - VAH [103]
Paramyxoviridae RSV, human + VAH [3, 106]
Measles, human + VAH
Rhabdoviridae Rabies, human + Accelerated disease onset [107, 108]
Coronaviridae Feline infectious peritonitis + ADE [8]
Arteriviridae PRRSV + ADE [98]
Simian HF + VAH? [109]
Retroviridae HIV + ADE? [110-112]
Equine infectious anemia + VAH
Caprine arthritis + VAH
DNA Virus Group
Parvoviridae Aleutian disease of mink + ADE [94]

ADE antibody-dependent enhancement, H/V human immunodeficiency virus, PRRSV porcine reproductive and respiratory system virus, RSV
respiratory syncytial virus, VAED vaccine-associated enhanced disease, VAH vaccine-associated hypersensitivity

with killed or recombinant vaccines all have led to enhanced
FIPV disease. Enhanced disease severity has been attributed
to the generation of non-neutralizing antibodies.

Aleutian disease of mink (AMD) is caused by a patho-
genic parvovirus that replicates in macrophages and circu-
lates in the blood, principally as fully infectious immune
complexes [94]. AMD virus causes a persistent infection
associated with immune complex disease, hypergammaglob-
ulinemia, and high levels of antiviral antibodies. A fatal glo-
merulonephritis results from the deposition of these soluble
immune complexes on renal glomerular membranes or walls
of capillary blood vessels. ADE has been suggested to be an
important contributing factor to the pathogenesis of AMD
[91]. Despite the presence of antibodies, the virus is not
cleared in vivo. Pre-existing antibodies may enhance viral
infections by Fc-receptor-mediated ADE but the mechanism
that underlies AMD has not been fully defined. Three mod-
els have been proposed, including (i) interactions between
antibody and FcR, complement C3 fragment and CR, or
between Clq and C1gR, which promotes viral attachment to
cells; (ii) suppression of IFN-y-mediated host-cell antiviral
gene expression by the up-regulation of negative regulators
of pathogen pattern recognition; and (iii) the promotion of
early IL-10 secretion. There may be a role of cytokine IL-6
in ADE-mediated disease [92]. Virus replicates in mac-
rophages and large amounts of non-neutralizing antibodies
are produced in infected mink [93]. These, in turn, produce
infectious immune complexes, which lead to increased
infection of macrophages. In related work, passive transfer
of virus-specific antibody at the peak of viral replication
resulted in foci of necrosis around virus-infected cells, a

reaction thought to be due to complement-mediated cytoly-
sis [94]. Infectious immune complexes resulted in enhanced
infection of mink peritoneal macrophages [95]. Inoculation
of an experimental killed AMDYV vaccine failed to produce
detectable neutralizing antibodies, but eight of ten of these
vaccinated mink—but no control animals—developed AMD
on challenge with live virus [94].

Porcine Reproductive and Respiratory Syndrome (PRRS)
is caused by members of Arterivirus, a positive strand RNA
virus genus that includes equine arteritis and simian hemor-
rhagic fever viruses [96]. PRRS virus (PRRSV) was recog-
nized in East Germany in 1980 with PRRSV-1 virus isolated
in the Netherlands in 1991. Another virus, PRRSV-2, was
recognized in the USA in the mid-1980s and called ‘mys-
tery swine disease.” It has also been called blue ear disease.
The two prototype strains of PRRSV, European and North
American, cause similar clinical symptoms, but are distinct
viral genotypes whose genomes diverge by approximately
40%. The genetic variation among the viruses varies geo-
graphically, increasing the difficulty of vaccine development.
For reasons not understood, the clinical picture varies from
one herd to another. For every three herds that are exposed
to PRRSYV for the first time, one will show no recognizable
disease, the second may show mild disease, and the third
moderate to severe disease. The better the health status of
the herd, the less severe the disease observed. There is evi-
dence that PRRSV mutates as it multiplies to evolve strains
that are highly virulent and others that are not. PRRSV has
a particular affinity for the macrophages in the lung [97].
The virus multiplies in then disables and kills macrophages.
ADE in vivo has been demonstrated by challenging animals
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sensitized by passively transferred antibodies [98, 99].
Reminiscent of dengue, the literature on pathogenesis
focuses heavily on the disease-producing role of cytokines
[97]. PRRSYV infects lymphoid tissues and is often chronic.
Infected animals are at increased risk for a variety of micro-
bial infections. Once a herd is infected the virus tends to
remain present and active indefinitely. Some live-attenuated
vaccines have provided short-term protection. Enhanced
viremia and tissue infection has been described in vaccinated
animals experiencing breakthrough PRRSV infections [100].
Investigators have attributed vaccine failure to ADE [101].

Influenza A viruses cause acute respiratory infections,
resulting in severe economic losses to domestic animals.
Although influenza pandemics in birds create headlines,
there are no reports of vaccine-enhanced disease [102].
However, VAED is a well-established outcome of influenza
vaccines of swine. Swine influenza results in significant
economic losses for global pig production. Three subtypes
of influenza A viruses of swine (IAV-S) co-circulate world-
wide: HIN1, H3N2, and HIN2. The origin, genetic back-
ground, and antigenic properties of IAV-S vary considerably
from region to region. Pigs have played a role in the adapta-
tion of avian influenza A viruses from avian reservoirs to
humans and other mammalian hosts. Pigs may be a ‘mix-
ing vessel’ in which influenza viruses from various origins
may reassert to generate novel progeny viruses capable of
replicating and spreading among humans. For these many
reasons, efforts are made to control porcine influenza by
vaccines. It is well established that inactivated whole virion
vaccines sensitize pigs to a breakthrough respiratory syn-
drome similar to VAH [103].

The challenge of achieving vaccines that safely and dura-
bly protect against human RSV and influenza is reminiscent
of the difficulty in obtaining vaccines for diverse viral dis-
eases that threaten commercial agriculture. Many of those
who have been recently introduced to the dengue literature
mistakenly assume that antibody-enhanced infection is itself
a pathology. It is not. ADE controls the rate of intracellu-
lar virus production and total number of cells infected. It
is NS1, a circulating viral toxin of endothelial cells, that
produces the dengue shock syndrome, an analog of bacte-
rial endotoxin septic shock. The mechanism(s) by which
viral immune complexes, once introduced into FcR-bearing
cells, affect replicative outcome are not well understood and
have attracted surprisingly little interest [104]. Inflammatory
responses following the introduction of pathogenic micro-
organisms into partially immune hosts are difficult to unravel
as illustrated in RSV VAH animal models. Future research
should approach ADE and VAH as independent systems,
one involving infection amplification and the other leading
to a pathologic process.
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