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Abstract
Live-attenuated vaccines (LAVs) can protect humans against 12 viral and three bacterial diseases. By definition, any clinical
infection caused by a LAV that is sufficiently severe to require medical intervention attests to an inherited or acquired immuno-
deficiency that must be diagnosed or identified. Self-healing infections can also result from milder forms of immunodeficiency.
We review here the inherited forms of immunodeficiency underlying severe infections of LAVs. Inborn errors of immunity (IEIs)
underlying bacille Calmette-Guérin (BCG), oral poliovirus (OPV), vaccine measles virus (vMeV), and oral rotavirus vaccine
(ORV) disease have been described from 1951, 1963, 1966, and 2009 onward, respectively. For each of these four LAVs, the
underlying IEIs show immunological homogeneity despite genetic heterogeneity. Specifically, BCG disease is due to inborn
errors of IFN-γ immunity, OPV disease to inborn errors of B cell immunity, vMeV disease to inborn errors of IFN-α/β and IFN-λ
immunity, and ORV disease to adaptive immunity. Severe reactions to the other 11 LAVs have been described yet remain
Bidiopathic,^ in the absence of known underlying inherited or acquired immunodeficiencies, and are warranted to be the focus
of research efforts. The study of IEIs underlying life-threatening LAV infections is clinically important for the affected patients
and their families, as well as immunologically, for the study of the molecular and cellular basis of host defense against both
attenuated and parental pathogens.
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Introduction

Vaccines have been extraordinarily successful in the fight
against human infectious diseases since the end of the

nineteenth century [1–4]. The first vaccines were live-
attenuated vaccines (LAVs), obtained by the attenuation of
virulent infectious agents [5]. Louis Pasteur formulated the
idea of attenuation, performed the famous anthrax challenge
experiment in cattle at Pouilly-le-Fort in 1881, and coined the
term Bvaccination^ as a tribute to Edward Jenner [5].
Chemically inactivated and genetically engineered vaccines
have been developed since 1896 [5], and up to 15 LAVs have
been used since then. The smallpox (1798) and rabies (1885)
vaccines are no longer used. The bacille Calmette-Guérin
(BCG) vaccine against tuberculosis (TB) was developed
through serial cultures of Mycobacterium bovis by Albert
Calmette and Camille Guérin in 1927 [5, 6]. The yellow fever
(YF) vaccine strain 17D was obtained by Max Theiler in
1935, through serial passages of the wild-type Asibi strain in
tissue culture [7–10]. The discovery that cultured cells in vitro
could be used as substrates for viral growth revolutionized
vaccine development. The oral poliovirus vaccine (OPV)
was developed through serial passaging in cell culture, by
Albert Sabin, in 1961 [11, 12]. Similar techniques were used
for the development of the measles, mumps, and rubella virus
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vaccines in 1963, 1967, and 1969, respectively [13–15].
These three LAVs were subsequently combined into a single
vaccine, MMR, which has been available since 1971 and is
sometimes administered together with the varicella virus vac-
cine (MMRV). Since the 1980s, other LAVs have been devel-
oped with similar approaches. These LAVs include the adeno-
virus (1980), typhoid (1989), varicella (1995), rotavirus (1999
and 2006), cholera (1994), influenza (1999), and zoster (2006)
vaccines [5]. Some of these LAVs are gradually being re-
placed by chemically inactivated and/or genetically
engineered alternatives.

LAVs act by causing self-limited infections with weakly
virulent vaccine pathogens, thereby establishing a long-
term immunological memory against specific antigens
common to the more virulent parental pathogen.
However, LAV infections are not self-limited in all individ-
uals. In rare cases, LAVs can cause life-threatening infec-
tions that are fatal or could be fatal without modern med-
ical intervention. LAV infections contrast with naturally
occurring infections in that they provide us with a unique
opportunity to study host defense in humans under almost
experimental conditions, because the similar inoculum of a
well-defined, homogenous pathogen is inoculated, via the
same route, to thousands or millions of individuals. In this
setting, the rare cases of clinically severe LAV infections
observed attest to the inevitable inter-individual variability
of human populations. Indeed, after the first mass cam-
paigns of vaccination with BCG, OPV, vMeV, and oral

rotavirus vaccine (ORV), rare, but severe infections caused
by these supposedly benign microbes were reported, the
first cases being noted in 1951, 1963, 1966, and 2009,
respectively [16–20]. Studies of inborn errors of immunity
(IEIs), previously known as primary immunodeficiency
diseases (PIDs), advanced rapidly in the 1950s and
1960s. As a result, severe LAV infections were recognized
in patients with well-defined IEIs: BCG in severe com-
bined immunodeficiency or combined immunodeficiency
(SCID or CID) in 1957 [21, 22], OPV in agammaglobulin-
emia in 1963 [23–25], vMeV in SCID in 1971 [26], and
ORV in SCID in 2009 [19, 20]. The description of these
severe infections, together with the discovery of increasing
numbers of overt immunodeficiencies, contributed to the
traditional concept that immunodeficient patients are sus-
ceptible to various Bweakened^ or Bopportunistic^ infec-
tions. However, recent findings have clearly demonstrated
that some IEIs underlie a specific predisposition to certain
LAVs (Table 1), as illustrated by Mendelian susceptibility
to mycobacterial disease (MSMD) in patients with defec-
tive type II IFN (IFN-γ) immunity [27, 28] and fatal mea-
sles vaccine infection in patients with defective type I and
III IFN (IFN-α/β and IFN-λ) immunity [29–31, 218].
Vaccination is often performed in very young children,
including infants. LAV infections can, therefore, be the
first and most severe infections of patients with IEIs
(Table 1). We will not deal here with the 11 LAVs for
which infections remain Bidiopathic^ [3, 5].

Table 1 LAV infections in patients with inborn errors of immunity

Live-attenuated vaccine BCG ORV OPV vMeV

Age at vaccination After birth 2 months, 4 months,
and/or 6 months

2 months, 4 months,
6–18 months,
4–6 years

12–15 months, 4–6 years

Syndromic Humoral XLA, CVID

Cellular and
combined

SCID, CID SCID SCID, CID SCID, CID, idiopathic
CD4+/CD8+ T
lymphopenia

NADPH
oxidase
activity

XR-gp91phox, AR-p47phox, AR-p67phox,
AR-p40phox, AR-p22phox, AR-EROS

Innate and
intrinsic

AR-JAK1, AR-RORC, AR-TYK2,
AR-STAT1, AR-IRF8, XR-NEMO,
AR-ISG15

AR-STAT1, AR-STAT2,
AR-IRF7, AR-IRF9

Isolated Innate and
intrinsic

AR/AD-IFN-γR1, AR/AD-IFN-γR2,
AR-IL-12p40, AR-IL-12Rβ1,
AR-IL-12Rβ2, AR-IL-23R,
AD-STAT1,
AD-IRF8, AR-TYK2 (P1104A),
AR-SPPL2A, XR-NEMO (E315A,
R319Q), XR-gp91phox (Q231P, T178P)

AR-IFN-αR2,
AR-IFN-αR1

Genetic defects of patients with IEIs conferring susceptibility to BCG, OPV, ORV, or vMeV. IEIs are assigned to categories according to the type of
immunity affected
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Life-Threatening Infections Caused by BCG

Mycobacterium and BCG

The BCG vaccine was developed in France by Albert
Calmette and Camille Guérin. It is administered to 120million
newborns annually in developing countries, where tuberculo-
sis remains a major health problem [32–34]. The vaccine pro-
vides protection principally against miliary tuberculosis and
meningitis in infants. It consists of a live-attenuated strain of
Mycobacterium bovis that induces an immune response pro-
viding protection against the more virulent Mycobacterium
tuberculosis. The BCG vaccine is considered to be safe in
the general population, but complications have arisen follow-
ing the vaccination of infants with IEIs [33, 35, 36].
Localized BCG infections (BCG-itis) are observed in about
1 in 2500 vaccinated individuals, and disseminated infections
(BCG-osis) occur in about 1 in 50,000 vaccinated individuals,
excluding HIV-infected individuals [33, 37–39].
Disseminated BCG infection should be seen as evidence for
an acquired or primary immunodeficiency and is associated
with a high mortality rate [16, 35, 40]. The clinical signs
leading to a suspicion of BCG infection are usually straight-
forward: a local abscess or severe ulcer at the injection site, or
involvement of the regional ipsilateral ganglia with suppura-
tion, fistula formation, or both, is observed shortly after vac-
cination [41]; in BCG-osis, distal lymph nodes, skin, lungs,
bone, liver, spleen, and the central nervous system (CNS) are
involved [42]. However, microbiological evidence is not al-
ways available, and diagnosis is often based solely on clinical
findings. Acquired immunodeficiency, due to HIV infection,
may underlie rare cases of BCG-osis [43]. BCG disease in the
context of MSMD has recently been reviewed [28, 44, 45].
We will focus here on the various inherited forms of BCG
disease.

Severe and Combined Immunodeficiencies

SCID is a heterogeneous group of rare IEIs characterized
by the absence of T cells, and in some cases of B and/or
NK cells, resulting in defects of both cellular and humoral
immunity [42, 46, 47]. Infants with SCID are, therefore, at
high risk of developing life-threatening infections if they
are inadvertently given LAVs, such as BCG, OPV, MMR,
or ORV (Table 1) [48]. Despite their overt immunodefi-
ciency, infants with SCID frequently remain undiagnosed
until they suffer from vaccine-associated infections, partic-
ularly in the absence of a family history [49]. BCG-
associated infections in SCID patients present as fever,
ulcer, or abscess at the vaccination site, pneumonia,
hepatosplenomegaly, osteomyelitis, hepatic abscess, ingui-
nal abscess, and meningoencephalitis [50–52]. One study
of a large cohort of 349 BCG-vaccinated SCID patients

from 17 countries showed that 51% developed BCG-
associated infections. Surprisingly, children vaccinated af-
ter the age of 1 month developed fewer BCG-associated
infections (37.9%) than children vaccinated earlier (55.4%
BCG-associated infection and 18% BCG-associated mor-
tality) and suffered almost no BCG-associated mortality,
although the mechanisms underlying this difference re-
main unclear [37]. Some patients with CID, such as purine
nucleoside phosphorylase (PNP) deficiency, also develop
BCG-osis, although the clinical and immunological pheno-
types of these patients are milder than those of SCID pa-
tients (Table 1) [53, 54].

Chronic Granulomatous Disease

Chronic granulomatous disease (CGD) is an IEI that af-
fects 1 in 250,000 newborns [55, 56]. CGD patients are
highly susceptible to multiple life-threatening bacterial (in-
cluding mycobacteria) and fungal infections, and, less
commonly, parasitic infections [57]. This disease is de-
fined by the total absence or low levels of reactive oxygen
species (ROS) due to defects of the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase complex in
phagocytes, including neutrophils, monocytes, macro-
phages, and dendritic cells, and in B lymphocytes [28,
45, 58–60]. The most common defect is caused by
monoallelic mutations of the X-linked recessive (XR)
CYBB gene encoding the gp91phox subunit of the NADPH
oxidase complex [61, 62]. Less common defects include
biallelic mutations of the NCF1, NCF2, NCF4, CYBA,
and CYBC1 genes encoding the p47phox, p67phox, p40phox,
p22phox, and EROS proteins, respectively [55, 63, 64].
These defects result in the patients’ phagocytes being un-
able to produce sufficient ROS, enabling BCG and other
pathogens to survive within cells [28, 45]. CGD was one of
the first diseases found to underlie BCG infections, and
increasing numbers of BCG infections are being reported
in CGD patients [16, 33, 60, 65–71]. BCG vaccination is
often mandatory or recommended in regions in which the
TB burden is high, resulting in more CGD patients suffer-
ing from BCG infection than TB in these regions. One
study showed that as many as 75% of CGD patients pre-
sented with BCG infection, with 18% BCG-associated
mortality [60]. Moreover, because of early vaccination,
BCG infection is the first clinical manifestation in 60%
of CGD patients, often presenting as lymphadenitis ipsilat-
eral to the vaccination site [60, 71, 72]. The vast majority
of mutations affecting the NADPH oxidase complex result
in equally low levels of ROS production in all phagocytes.
Rarely, specific CYBB mutations result in defects preferen-
tially affecting certain cell types [60, 73], as discussed in
the next section.

378 J Clin Immunol (2019) 39:376–390



Mendelian Susceptibility to Mycobacterial Disease

Mendelian susceptibility to mycobacterial disease (MSMD) is
a group of inborn errors that predisposes patients to infections
with both less virulent mycobacteria (BCG and environmental
mycobacteria (EM)) and more virulent M. tb. The severity of
BCG infections in MSMD patients ranges from localized in-
fections to disseminated and life-threatening infections.
Mycobacterial infections generally begin during childhood
in MSMD patients, but they may emerge during adolescence
or even adulthood in some patients, and BCG infections are
often, but not always, the first sign of the disease (Table 1).
MSMD patients display considerable genetic heterogeneity.
Defects of 12 genes (IFNGR1, IFNGR2, IL12B, IL12RB1,
IL12RB2, IL23R, STAT1, IRF8, TYK2, SPPL2A, specific
NEMO, and CYBB) have been identified in patients with iso-
lated MSMD (Table 1). Patients with isolated MSMD display
no overt abnormalities in routine hematological or immuno-
logical tests [28, 45]. Certain alleles at some loci underlie
isolated MSMD, whereas others underlie syndromic
MSMD, in which mycobacterial diseases occur in combina-
tion with other phenotypes. Defects of six genes (JAK1,
RORC, ISG15, STAT1, IRF8, and specific TYK2) are often,
but not always, associated with syndromic MSMD [28, 45,
74, 75]. Despite this genetic heterogeneity, all the mutations
identified to date lead to deficiencies of type II interferon
(IFN-γ)-mediated immunity, controlling the production of,
or response to IFN-γ, or both (Fig. 1) [27, 28, 45, 76, 77].
Two gene defects have only recently been identified [78], but
the other genetic etiologies of MSMDwere recently reviewed
[28, 44, 45]. In addition to locus heterogeneity, there is allelic
heterogeneity, as different defects (recessive vs. dominant;
complete vs. partial; loss of expression vs. loss of function)
of the same gene can underlie different disorders.
Furthermore, incomplete penetrance is common in MSMD,
which is Mendelian only for the most severe forms, adding
another layer of complexity to the disease [79].

The identification of genetic etiologies that can cause iso-
lated and/or syndromic MSMD, together with CGD and
SCID/CID, suggests that host defense against BCG is depen-
dent on the IL12/23/ISG15-IFN-γ signaling circuits formed
between IL-12-, IL-23-, and ISG15-producing phagocytes
and IFN-γ-producing leukocytes (Fig. 1). Autosomal reces-
sive (AR) complete IFN-γR1 and IFN-γR2 deficiencies are
the most severe forms of MSMD. Affected patients suffer
from disseminated infections of BCG and/or EM, and occa-
sionally TB, without structured granulomas [28, 45]. AR par-
tial IFN-γR1 and IFN-γR2 deficiencies are less severe, except
for the IFN-γR1 p.M1T and IFN-γR2 p.M1V mutations,
which present cell-specific residual expression and are as clin-
ically severe as complete deficiency [80, 81]. Monoallelic
IFNGR1mutations underlie autosomal dominant (AD) partial
deficiency [82, 83]. Affected patients develop multiple myco-
bacterial osteomyelitis (caused by BCG in particular) [28, 45,
84]. Unlike IFN-γ, which is homodimeric, both IL-12 and IL-
23 are heterodimers, each containing the IL-12p40 subunit
encoded by IL12B. Similarly, the receptors of IL-12 and IL-
23 have a subunit in common: IL-12Rβ1, encoded by
IL12RB1 (Fig. 1). Patients with IL-12p40 or IL-12Rβ1 defi-
ciency have defects of both IL-12 and IL-23 signaling and are
susceptible to mycobacterial disease, Salmonella infections,
and chronic mucocutaneous candidiasis (CMC) [28, 45].
Defects of the unique subunit of IL-12 (IL-12Rβ2, encoded
by IL12RB2) or of the IL-23 receptor (IL-23R, encoded by
IL23R) are much rarer, but also underlie MSMD [78]. IL-
12Rβ2 and IL-23R are often expressed on different cell types,
and this results in αβT, γδT, B, NK, ILC1, and ILC2 cells
preferentially producing IFN-γ in response to IL-12, whereas
NKT and MAIT cells preferentially produce this cytokine in
response to IL-23. This compensation mechanism results in
IL-12Rβ2 and IL-23R deficiencies having a much lower clin-
ical penetrance than IL-12Rβ1 deficiency [78, 79]. Indeed,
IL-12Rβ1 deficiency is the most frequently reported etiology
of MSMD [28, 45, 85].

Mycobacteria

Dendri�c cells/Phagocytes Leukocytes
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oxidase

SPPL2A

NEMO
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IFN-γ
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Fig. 1 Schematic representation
of type II IFN-related genetic
disorders associated with BCG
infections. In red, genes for which
mutations have been associated
with BCG infections. In black and
white, genes not associated with
BCG infections
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Mutations at six MSMD-causing loci, JAK1, STAT1, IRF8,
SPPL2A, NEMO, and CYBB, primarily impair phagocyte
function in host defense against mycobacterial infections
[28, 45]. JAK1, one of the four Janus kinases (JAKs), binds
the IFN-γ receptor to induce the phosphorylation and
homodimerization of STAT1 upon IFN-γ stimulation.
Defects of JAK1 or STAT1 therefore block responses to
IFN-γ in phagocytes. Patients with AD partial STAT1 defi-
ciency can present with isolated MSMD, whereas patients
with AR STAT1 deficiency are also susceptible to viral and
pyogenic infections [44, 45]. Both IRF8 and SPPL2A are
essential for the development and survival of IL12/23-
producing phagocytes. AR IRF8 deficiency leads to a com-
plete absence of circulating monocytes and dendritic cells
(DCs) and causes syndromic MSMD, whereas AD IRF8 de-
ficiency leads to a selective depletion of circulating
CD11c+CD1c+ DCs and isolated MSMD [77, 86]. SPPL2A
deficiency leads to the accumulation of undegraded HLA
fragments in HLA class II+ myeloid and lymphoid cells.
Patients display a selective depletion of CD1c+ DCs and their
progenitors [77]. The Q231P and T178P mutations of CYBB,
which lead to selective impairment of the NADPH oxidase
activity in monocyte-derived macrophages, cause isolated
MSMD [74]. The E315A and R319Q mutations of NEMO
impair the CD40-CD40L signaling-dependent production of
IL-12 (Fig. 1) and cause isolated MSMD [87]. On the other
side of the circuit, defects of TYK2 and RORC are found to
primarily impair lymphocyte function in host defense against
BCG [76, 88]. TYK2 belongs to JAK protein family and binds
the IL-12 and IL-23 receptors to induce the phosphorylation
and dimerization of STAT3 and STAT4. TYK2 defects lead to
both isolated and syndromic MSMD [76, 89]. Homozygosity
for the P1104A allele of TYK2, which selectively disrupts IL-
23 responses, is a rare genetic etiology of MSMD [89].
Defects of RORC result in impaired IFN-γ production by
γδT cells and CD4+CCR6+CXCR3+ αβT cells and a lack of
IL-17-producing cells. Affected patients therefore suffer from
both MSMD and CMC [88].

Next-Generation Vaccines Based on BCG and Their
Potential Impact on IEI Patients

Although BCG has been in use for almost 100 years world-
wide, its low efficacy, especially poor protection against pul-
monary TB, has encouraged great effort to the development of
alternatives based on the original BCG [90, 91]. We will not
discuss the strategies introduced to increase the efficacy here,
but rather focus on the safety of these new vaccines in IEI
patients. At least seven strategies have been explored for de-
creasing the virulence of the vaccine. Deletion of the mbtB
protein disrupts the synthesis of siderophore mycobactin and
limits the replication of the strain in vivo [92]. Engineered
expression of the Listeria monocytogenes protein listeriolysin

O (LLO) instead of urease C leads to perturbation of
phagosome following macrophage phagocytosis and leakage
of bacterial DNA into the cytosol to trigger type I IFN re-
sponse [93]. Other strategies with similar mechanisms include
insertion of esx1 to enhance the function of ESX-1 secretion
system [94] and expression of the cholesterol-binding
cytoslysin perfringolysin O (Pfo), a pore-forming protein nor-
mally secreted by Clostrididium perfringens [95]. In contrast,
depletion of zmp1, a putative Zn2+ metalloprotease, increases
the activation of inflammasome and the maturation of
phagosomes [90]. Deletion of pdx1, a pyridoxine synthase,
makes it auxotrophic for vitamin B6 in a concentration-
dependent manner [96]. Deletion of nuoG gene, which en-
codes type I NADH dehydrogenase complex that inhibits
ROS production, leads to more macrophage apoptosis [97].
All of these strategies were shown to be safer than
original BCG in SCID mice therefore might be beneficial to
SCID/CID patients [90]. However, it remains unclear whether
the strategies involving rupture of phagosome or maturation of
macrophage are safer for CGD patients. A different set of strat-
egies aims to enhance the immune responses by co-expressing
human cytokines, including single or a combination of IFN-γ,
IL-12, IL-18, IL-4, IL-6, GM-CSF, IL-15, and TNF-α [90]. It
will be important to determine whether co-expression of IFN-γ
is safer for MSMD patients than original BCG.

Life-Threatening Infections Caused
by the OPV

Polio and the OPV

Poliomyelitis is a severe infectious disease caused by poliovi-
rus, a positive-stranded human RNA enterovirus.
Poliomyelitis began to cause regular epidemics at the end of
the nineteenth century [1]. This disease mostly affects infants
and children. Poliovirus (known as the poliomyelitis virus at
the time) was first identified in 1908 [98]. There are three
serotypes of poliovirus, and infection with any one of these
serotypes does not provide cross-protection against the other
serotypes. Poliovirus causes an acute, self-limited infection in
most people, first described by Albert Sabin and others in the
1940s [99–101]. The virus is ingested via the fecal-oral or
oral-oral route. It then replicates in the pharynx and gastroin-
testinal tract and can be isolated from multiple sites, including
the tonsils, Peyer’s patches, and the mesenteric lymph nodes
of the intestine [101]. Infected individuals shed the virus in
pharyngeal secretions and feces over a period of 2 to 8 weeks.
Almost 95% of infected individuals develop no symptoms
[102], and only a very small proportion (0.1 to 1%) of infected
individuals develop paralytic disease [103]. Fatalities are ob-
served in 2–5% of children and 15–30% of adults displaying
paralytic disease [102]. The rarity of fatal infections suggests
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that severe poliovirus infections may be caused by IEIs. The
OPV (or live) was developed by Albert Sabin and has been
widely used over the last 50 years [104]. Being an oral vac-
cine, the OPV has the advantages of being easy to administer
and highly effective [105]. Together with inactivated poliovi-
rus vaccine (IPV), OPV has decreased the global incidence of
poliomyelitis by 99.9% [106, 107]. This considerable success
of vaccination campaigns has resulted in the near eradication
of poliovirus infections, with only 22 cases of poliomyelitis
reported in 2017, in only two countries [108].

Unlike the earlier LAVs (BCG and YF vaccine), OPV was
attenuated in cell culture rather than in live animals, thanks to
methods developed in the 1940s for the culture of many vi-
ruses, including poliovirus and measles virus, in vitro [5].
Successive passages in different cell cultures in vitro yielded
variants of the three poliovirus serotypes (Sabin 1, 2, and 3)
devoid of neurovirulence, but capable of replicating in the
gastrointestinal tract [1, 105]. However, OPV protects vacci-
nated individuals against viremia, but not against infection
with the same OPV, as shown by the shedding of smaller
amounts of virus over a shorter period in children receiving
a second dose of OPV. OPV induces specific long-lasting
immunity in recipients by establishing a self-limited infection
resembling that caused by virulent poliovirus. In normal indi-
viduals, the vaccine strains replicate in the pharynx and intes-
tine for 2 to 8 weeks, inducing humoral and mucosal immu-
nity [106, 109]. However, in a small number of vaccinated
individuals, OPV may mutate and evolve into vaccine-
derived poliovirus (VDPV) during replication [110]. VDPV
can reacquire neurovirulence, leading to outbreaks of disease
in regions with low levels of OPV coverage [110]. Since 2000,
VDPV outbreaks have occurred in 18 countries. Most of the
reported cases (87%) were associated with type 2 viruses, the
wild-type counterpart of which has been eradicated worldwide
[110]. Thus, VDPV has replaced the wild-type virus as a ma-
jor threat to global heath. Prompted by these major changes in
polio epidemiology, OPV has been gradually replaced with
bivalent (types 1 and 3) or inactivated vaccines over the last
5 years [107, 110–112].

In rare cases, OPV can cause vaccine-associated paralytic
poliomyelitis (VAPP), which is characterized by acute flaccid
paralysis and residual paralysis [104, 105, 110, 113, 114]. The
incidence of VAPP is 1–1.3 cases per million births, suggest-
ing that the individuals affected probably have IEIs. VAPP can
develop in children or adults, but adult cases are rare nowa-
days, due to the high levels of vaccination coverage, begin-
ning at the age of 2 months (Table 1) [115, 116]. However, the
occurrence of VAPP in adults indicates that some patients may
be specifically susceptible to OPV but resistant to many other
infections and otherwise healthy. Moreover, the high vaccina-
tion coverage during infancy has resulted in a situation in
which almost all patients with IEIs are vaccinated with OPV
before the appearance of their phenotypes. However, the

incidence of VAPP is as low as 1/7000, even among patients
with well-defined IEIs [106, 114, 117–121]. Patients with
well-defined IEIs, with or without VAPP, have also been re-
ported to excrete the virus in the long term [106, 114,
117–121]. Since the introduction of OPV, virus excretion
has been reported inmore than a hundred patients with various
IEIs worldwide [106], and most of these cases were detected
after the onset of VAPP [122]. The excreted viruses often
diverge considerably (> 0.6–1% nucleotide sequence diver-
gence) from the original OPV strain [11, 114]. These long-
term excretors have thus become a major reservoir of VDPV.

Severe and Combined Immunodeficiencies

SCID and CID patients are prone to enteroviral infections and
VAPP. A third of the 107 VAPP cases reviewed recently had
SCID (36 patients) or CID (2 patients) [106]. Patients with
MHC2, ARTEMIS, and RAG1 or 2 deficiencies were report-
ed, but genetic diagnoses were not available for all patients
[46, 48, 52, 106, 114]. Moreover, the observed penetrance of
VAPP is incomplete. For instance, only a fewMHC2-deficient
patients have developed manifestations of paralysis, even
thoughMHC2 deficiency is an AR form of CID characterized
by the impaired development of CD4+ T cells and antigen-
specific antibody production by B cells [123–125]. SCID pa-
tients had the lowest probabilities of clearing the virus before
death or last documented follow-up. Several other studies
have reported CID patients to be susceptible to asymptomatic
enteroviral infections [126–128]. All the patients mentioned
here have defects of cellular and humoral immunity (due to B
cell intrinsic or extrinsic disorders). There have been no con-
sistent reports of patients with acquired immune deficiency
(AIDS) developing persistent poliovirus excretion, suggesting
that the clearance of this virus is mediated principally by an-
tibodies [129, 130].

Hypo/Agammaglobulinemia Due to B Cell–Intrinsic
Disorders

X-linked agammaglobulinemia (XLA) is a IEI caused by de-
fects of Bruton’s tyrosine kinase (BTK) gene. These defects
block the pro-B to pre-B stage of differentiation in the bone
marrow, resulting in the almost total absence (< 1%) of circu-
lating B lymphocytes and very low levels of antibody produc-
tion [131]. Patients present bacterial infections and are highly
susceptible to enterovirus infections, including chronic menin-
goencephalitis, severe dermatomyositis, and VAPP [131].
XLA patients were found to be particularly susceptible to
VAPP after OPV use became widespread [110, 132], and
many cases have since been reported [106, 133]. However,
only a small proportion of XLA patients develop severe or
chronic OPV infections, despite having a much higher relative
risk than the general population. An estimated 7% of XLA
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patients develop prolonged excretion [119], and 0.6–3% of
XLA patients given three doses of OPV developed VAPP
[134, 135], whereas the other excretors remained asymptom-
atic. However, mortality rates can be as high as 62% when
these patients present VAPP [136]. Intravenous or subcutane-
ous IgG replacement therapy effectively decreases the inci-
dence of bacterial infections in XLA, but not prolonged ex-
cretion [131]. In some long-term excretors with XLA, IgG
replacement therapy failed to clear the virus from the intestine
[137]. The high susceptibility of XLA patients to VAPP sug-
gests that humoral immunity is indispensable in host defense
against poliovirus, particularly against the neurological spread
of the virus. Surprisingly, virus shedding ended spontaneously
in some XLA patients, suggesting a role for immune functions
other than antibody responses in the control of viral persis-
tence [101]. Patients with other forms of agammaglobulin-
emia or hypogammaglobulinemia are also prone to prolonged
virus excretion and VAPP, although the genetic etiologies are
often unknown in these patients (Table 1) [104, 106, 117, 119,
121, 138]. Overall, the increased susceptibility to OPV in a
small percentage of antibody deficient patients is intriguing.
Further studies on these patients, or otherwise healthy individ-
uals who are susceptible to OPV, might help to reveal the
genetic and immunological mechanisms underlying polio.

Life-Threatening Infections Caused
by the MMR Vaccine

Measles and the MMR Vaccine

Measles, mumps, and rubella are three highly contagious viral
infections caused by measles virus (MeV), mumps virus
(MuV), and rubella virus (RV), respectively. All three viruses
are single-stranded RNA (ssRNA) viruses. They cause three
clinically and pathologically different types of infection. MeV
causes a self-limited infection characterized by a unique rash,
fever, coryza, conjunctivitis, and Koplik’s spots in most peo-
ple. It is transmitted principally by respiratory droplets, and
there is an incubation period of about 10 days to the onset of
fever and 14 days to the onset of the rash. Complications, such
as pneumonia (often secondary bacterial infections) and diar-
rhea, can occur in up to 40% of patients. CNS complications,
such as autoimmune post-measles encephalomyelitis, can oc-
cur in 0.1% of patients [139]. However, persistent measles
infections of the CNS, including measles inclusion body en-
cephalitis and subacute sclerosing panencephalitis (SSPE), are
extremely rare (one in 10,000–100,000 patients) [139]. MuV
mostly causes painful parotid glands, but the CNS, urinary
tract, and genital organs can also be affected. First symptoms
may include low-grade fever, anorexia, malaise, and headache
[140]. Mumps is transmitted by direct contact, droplet spread,
or fomites, with a typical incubation period of 16–18 days.

Sensorineural hearing loss is a well-known complication of
mumps. Meningitis arises in 1–10% of mumps infections, and
encephalitis occurs in 0.1% of patients, with other complica-
tions also occasionally observed [140]. RV infection is also
mild and self-limited in most individuals, with an average
incubation period of 2 weeks. It is characterized by a fine pink
rash. Adults, particularly young women, are more likely to
develop arthritis, fever, and malaise before the rash appears.
Rubella is transmitted via aerosol inhalation or via the blood
during pregnancy. Congenital rubella syndrome (CRS) in-
cludes various abnormalities, such as ocular, auditory, cardio-
vascular, and central nervous system defects. The other com-
plications observed include arthritis in young women and sys-
temic infection [141].

The LAVs for measles, mumps, and rubella became avail-
able in 1963, 1967, and 1969, respectively [1, 15, 139–142].
In 1954, Enders and Peebles isolated the measles virus from a
child called David Edmonston [15, 143] and used it to estab-
lish the foundations for the first measles vaccine [15]. Current
MeV vaccines contain derivatives of the Edmonston or
Schwarz virus strain [144]. The mumps vaccine was first li-
censed in 1967 [140]. The Jeryl Lynn vaccine strain was de-
veloped in 1966 from a virus isolated from Maurice
Hilleman’s daughter, who had developed unilateral parotitis.
At least 11 strains of mumps vaccines are currently in use
around the world. The Jeryl Lynn and Urabe Am9 strains
are the most widely used, followed by the Leningrad-
Zagreb, Leningrad-3, and Rubini strains [140]. The rubella
virus was first isolated in cell culture in 1962, and the first
rubella vaccines were licensed in 1969 and 1970 in the USA
and UK [141]. In 1971, a vaccine combining all three viruses,
the MMR (measles-mumps-rubella) vaccine, was licensed.
The virulent forms of all three viruses are highly contagious,
necessitating a very high level of vaccine coverage (most of
the population) to establish herd immunity [145]. In regions of
high coverage, MMR vaccination has decreased the incidence
of each of the diseases targeted by 96 to 99% [146–148].
However, with the exception of rubella, which was eliminated
from the USA in 2015, these three viral infections are still
c ommon i n m a n y d e v e l o p i n g c o u n t r i e s a n d
occur occasionally in developed countries [149–151].

In rare cases, MMR vaccination may lead to the establish-
ment of severe or chronic infections in children. Severe MeV
vaccine-strain infections are the most frequently reported and
best described. Patients may develop measles inclusion-body
encephalitis (MIBE) after MMR vaccination [152]. Mortality
rates for this condition are as high as 10–20%, with 25% of
survivors experiencing neurological sequelae [152]. MuV
vaccine-strain infection is extremely rare [30, 153, 154].
Natural MuV meningitis is benign and associated with a low
mortality of mumps encephalitis (about 1.5%), and long-term
morbidity is rare [140]. However, very poor outcomes have
been reported for vaccine-related encephalitis [153, 154].
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Chronic cutaneous granuloma disease associated with RV
vaccination in pediatric IEI patients was first recognized in
2014, and about 50 cases have been reported to date
[155–160]. Various genetic etiologies have been reported in
these patients, including cartilage hair hypoplasia (CHH),
ataxia telangiectasia (AT), Simpson-Golabi-Behmel syn-
drome, Nijmegen breakage syndrome, Marden-Walker syn-
drome, WHIM syndrome, SCID, CID, including MHC2 and
coronin 1A deficiency, CVID, XLA, and NEMO. Many, but
not all, of these conditions involve T cell defects. However,
RV vaccine strains were not detected in the granulomas of
some patients. Further studies are required to elucidate the
pathogenesis of this condition more clearly. Given the rarity
of well-defined cases and the lack of mechanistic studies, we
will not discuss MuVand RV vaccine strains further here and
will instead focus on vMeV infections.

T Cell Deficiencies, from SCID to CID

Patients with T cell defects, including SCID and CID, have
been reported to suffer from disseminated vMeV infections
and MIBE, demonstrating the importance of T cell function
for host defense against vMeV [26, 148, 161–163]. However,
such infections are rarely seen in clinical practice, probably
because SCID/CIDs are often diagnosed before the first dose
of MMR vaccination (Table 1). The report of chronic cutane-
ous granuloma diseases associated with RV infection inMMR
also indicated that these patients, including a variety of SCID
and CID, did not develop severe vMeV infections. Among T
cell defect, DiGeorge syndrome (DGS) has been well studied
in the context of MMR vaccination since the early 2000s
[164]. DGS, or chromosome 22q11.2 deletion syndrome and
TBX1 deficiency, is a IEI characterized by thymic hypoplasia

and small numbers of Tcells. Its incidence is 1 in 3000 children
[164], and it presents as a wide spectrum of features, including
cardiac abnormalities, dysmorphic facial features, and hypo-
calcemia [164, 165]. Patients have mild-to-moderate T cell
lymphopenia (affecting the CD4 subset in particular), but intact
T cell function [165]. One study characterized a large cohort of
DGS patients retrospectively analyzed for adverse events fol-
lowing vaccination [164]. About 23% (12/52) ofMMRvaccine
recipients reported mild side effects, including fever, rash, and
constitutional symptoms. No severe adverse reactions were re-
ported. In this study, the incidence of vaccine strain infections
in DGS patients was similar to that in the general population
[164]. Another study suggested that MMR vaccination is also
safe in patients with low CD4+ T cell counts (< 600 cells/mm3)
[165]. A multicenter retrospective cohort study of 194 DGS
patients concluded that adverse events occurred after 14% of
MMR vaccine doses, but that most of these events were minor,
and no deaths were reported [166].

Inborn Errors of Type I Interferon Immunity

Deficiencies affecting the innate immune response have
recently been shown to be associated with vMeV infections
(Table 1, Fig. 2). Encephalitis after MMR vaccination was
reported in a rare case of AR complete STAT1 deficiency,
which is usually very severe in patients under the age of
1 year and is a contraindication for subsequent LAV vacci-
nation [167]. Two unrelated kindreds with STAT2 deficien-
cy were reported to suffer from disseminated vMeV infec-
tions and other viral infections [29, 31]. One patient with
IRF7 deficiency and another with IRF9 deficiency, both of
whom developed severe influenza infections, were reported
to develop typical mild vMeV infections [168, 169]. An
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otherwise healthy patient who developed vMeV infection,
and infections with vaccine strains of MuV and RV, was
found to have IFNAR2 deficiency [30]. These cases, al-
though rare, involve type I IFN immunity, and, for IRF7,
IRF9, and STAT2, type III IFN immunity, suggesting that
type I and III IFN immunity is indispensable for host de-
fense against vMeV. This observation is of considerable
interest because wild-type MeV has been shown to evade
the type I IFN response by interfering with the JAK-STAT
signaling pathway in natural infections [170]. In wild-type
MeV infections, the virus is introduced into the respiratory
tract via an aerosol or respiratory droplets. However, during
initial infection, the P, V, and C proteins encoded by MeV
can interfere with the type I IFN response by targeting
STAT1, STAT2, and IFIH1/MDA5 [170–172], allowing
the virus to replicate and spread silently until adaptive im-
munity is activated. Thus, by the time the typical rash and
fever appear in patients, viremia is already well established
and the virus has spread throughout the body. Conversely,
studies of patients with deficiencies of type I, or type I and
III IFN, immunity have clearly shown that infections with
vaccine strains of MeV are controlled by type I and/or III
IFNs. Further work is required to identify the genetic etiol-
ogy of severe infections with wild-type MeV to resolve this
dilemma.

Life-Threatening Infections Caused by Oral
Rotavirus Vaccines in SCID Patients

Rotavirus and ORV

Rotaviruses cause 114 million episodes of diarrhea, 2.4 million
hospital admissions, and 600,000 deaths each year worldwide.
By the age of 5 years, nearly all children have been infected
[173]. Rotavirus was first isolated from mice and other mam-
mals in the 1960s [174]. In 1973, Bishop and Flewett isolated
rotavirus from human for the first time, and it is
soon recognized as the most common cause of severe gastro-
enteritis during childhood [174–176]. It is a double-stranded
RNAvirus from the Reoviridae family. At least eight different
groups (groups A–H) of rotavirus were differentiated on the
basis of serological reactivity and genetic variability of viral
protein 6 (VP6) [174, 177]. Rotavirus infects mainly the ma-
ture enterocytes at the top of the villi of the small intestine in
mammalian species, although extra-intestinal spread, includ-
ing liver, the biliary system, and pancreas, was observed in
rare occasions [174]. Typically, the symptoms caused by ro-
tavirus infections are limited in gastrointestinal track, includ-
ing diarrhea and vomiting, as well as mild fever. Viremia
during acute infection has only been recognized recently,
and its significance in natural infections remains unclear
[178–182]. Rotavirus infections induce the production of IFNα,

which can be detected in both serum and stools [183, 184].
Currently, two different oral LAVs against rotavirus are being
used in most industrialized countries since 2006. RotaTeq,
containing the human-bovine pentavalent strains P[8]G1-G4,
is used in the US and some European, Latin American, and
Asian counties, and Rotatrix, containing the human monova-
lent strain P[8]G1, is used mainly in Latin American and
Asian countries [173]. Compared with the human strain
Rotatrix, the human-bovine ressortant strains in Rotateq rep-
licate less efficiently in human gut and is shed less frequently
in stools; therefore, higher doses and an additional (third) dose
is administered [173]. The wide spread use of rotavirus vac-
cines over the last decade has decreased out patient visits and
hospitalization for rotavirus infection by 60-90% [185].

Life-Threatening ORV Infections in SCID Patients

Since 2009, 20 SCID patients have been reported to devel-
op severe or chronic infections of the two rotavirus vac-
cines [19, 20, 186–194], yet no other IEIs have been asso-
ciated with severe infections due to rotavirus vaccines
(Table 1). In these SCID patients, severe diarrhea and
vomiting led to life-threatening dehydration in some
cases, whereas chronic infections were associated with fail-
ure to thrive and prolonged shedding of the virus. Although
the vaccines have been shown to be safe for HIV-infected
infants in general [195, 196], the SCID cases suggest that
they remain unsafe for patients with very low T cell counts.
Interestingly, only a few IEI patients, majority having
SCID, have been reported to suffer from severe infections
of wild-type rotavirus [197–210]. Although chronic diar-
rhea is a common manifestation in many IEIs, including
SCID and antibody deficiencies, wild-type rotavirus does
not seem to cause major problem for IEI patients. In large
cohorts of SCID and XLA patients who suffered from diar-
rhea, wild-type virus shedding is sometimes detected, yet
usually self-limited and co-infected with other pathogens
such as norovirus, enterovirus, and salmonella [208, 209].
The apparent resistance of SCID patients to wild-type rota-
virus but not to vaccine strains is intriguing. Several hy-
potheses potentially explaining this observation should be
explored in depth: (1) The earlier exposure to the vaccines,
at 2 and 4 months, might contribute to the severity of the
gastrointestinal symptoms and susceptibility to dehydra-
tion. (2) The severity of the infection might be dose depen-
dent. Indeed, about half of the SCID patients who suffered
from infections of the vaccine did not develop severe symp-
toms until the second or even third dose had been adminis-
tered, suggesting that an accumulation of viruses in the gut
might contribute to the severity of the disease. (3) The vac-
cine strains may trigger weaker IFN responses than the wild
type; therefore, the host defense against the vaccines is de-
pendent exclusively on adaptive immunity [174, 183].
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Conclusions

We have reviewed here severe infections caused by four
LAVs: BCG, OPV, vMeV, and ORV.Monogenic inborn errors
of immunity have been found to underlie many different in-
fectious diseases in otherwise healthy patients, and the advent
of next-generation sequencing (NGS) has facilitated the dis-
covery of new disease-causing genes [211, 212]. A single
germline mutation can predispose a patient to a specific infec-
tion or to set of related infections. Mutations in different
immunity-related pathways cause different phenotypes, and
this is also true for LAV infections. IFN-γ immunity is crucial
for protective immunity to mycobacteria. Patients with inborn
errors of this pathway are susceptible to complications of
BCG vaccination. Indeed, all known genetic etiologies of
MSMD impair IFN-γ immunity. For the OPV vaccine, all
known genetic etiologies of vaccination complications impair
antibody responses to live-attenuated poliovirus. Only a few
genetic etiologies of complications of MMR vaccination have
been discovered, and they all impair type I IFN immunity.
SCID is the only known IEI that is associated with ORVs,
highlighting the importance of adaptive immunity in this dis-
ease. Several innate immunity pathways have been implicated
in LAV infections. The IFN-α/β, IFN-λ, and IFN-γ pathways
may overlap in the generation of responses, and their defects
may overlap in complications following LAV vaccination.
STAT1 mutations, for example, cause defects of both IFN-α/
β- and IFN-γ-mediated responses, leading to possible co-
infections with multiple vaccine-derived microbes [167].

In recent years, anti-vaccination groups have, surprisingly,
focused on false claims about adverse effects of chemically
inactivated or genetically engineered vaccines. They have
never highlighted the known adverse effects of LAVs that,
tragically but inevitably, harm a very small proportion of vac-
cinated children. The reason for this is probably that LAVs
cause disease for a known reason and in a very small propor-
tion of cases. These anti-vaccination groups deliberately focus
on the Bunknown,^ which is perceived as potentially affecting
a larger proportion of people and being amenable to neither
study nor prevention. Ironically, an ignorance of inter-
individual variety is also evident in scientific effort to search
for non-specific theraputic effects of vaccines, such as BCG in
particular, but also MMR and OPV [213]. Such studies have
led to earlier and broader use of these LAVs, which will un-
doubtedly be problematic for many IEI patients. Yet these
studies are based on observations of overall decrease in mor-
tality in infants without the identification of a known cause or
mechanism [213]. In future studies, the search for new genetic
etiologies of adverse effects of BCG, OPV, MMR, and ORV
vaccines should not only improve our understanding of adap-
tive and innate immunity, but should also guide the develop-
ment of novel, safer vaccines, and new methods for screening
children before vaccination with a LAV. The time at which all

children undergo exome or genome sequencing at birth is
approaching, and this would, in principle, make it possible
to identify children with contraindications for LAV vaccina-
tion. The same applies to the search for the first genetic etiol-
ogies of complications caused by other live vaccines. The
main goal in the future will be to search for genetic etiologies
of severe or milder disease caused by the LAVs described here
and disease caused by other LAVs [153, 154, 214–217].
During the revision of this review, we discovered that autoso-
mal recessive, loss-of-function IFNAR1 deficiencies underlie
life-threatening infections of YF vaccine and MMR in other-
wise healthy children [218, in press]. This finding is of con-
siderable clinical importance, because families at risk will
benefit from genetic counseling to prevent the complications
of vaccination with LAVs, and a better understanding of both
innate and adaptive immunity involved in the control of LAVs
should also improve preventive and therapeutic approaches.
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