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Summary

Infectious susceptibility is a component of many inborn errors of immunity.
Nevertheless, antibiotic use is often used as a surrogate in history taking for infec-
tious susceptibility, thereby disadvantaging patients who present with viral infections
as their phenotype. Further complicating clinical evaluations are unusual manifesta-
tions of viral infections which may be less familiar that the typical respiratory viral in-
fections. This review covers several unusual viral phenotypes arising in patients with
inborn errors of immunity and other settings of immune compromise. In some cases,
chronic infections lead to oncogenesis or tumor-like growths and the conditions and
mechanisms of viral-induced oncogenesis will be described. This review covers en-
terovirus, rubella, measles, papillomavirus, and parvovirus B19. It does not cover EBV
and hemophagocytic lymphohistiocytosis nor lymphomagenesis related to EBV. EBV
susceptibility has been recently reviewed. Our goal is to increase awareness of the un-
usual manifestations of viral infections in patients with |El and to describe treatment
modalities utilized in this setting. Coincidentally, each of the discussed viral infections
can have a cutaneous component and figures will serve as a reminder of the physical
features of these viruses. Given the high morbidity and mortality, early recognition

can only improve outcomes.
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1 | INCREASED VIRAL SEVERITY

Inborn errors of immunity (IEI) are a diverse set of over 500 con-
ditions either altering or compromising the adaptive immune sys-
tem and/or the innate immune system.! Consequently, immune
responses to viruses can be altered (e.g., hyperinflammation) or
compromised in IEl. Increased severity of viral infections is ex-
pected in patients with T-cell defects. The most extreme example
of this is respiratory viral infections occurring in infants with se-
vere combined immunodeficiency (SCID) whereby resolution typi-

cally occurs only after successful engraftment post hematopoietic

cell transplant. In patients with the defects of T-cell production or
function, viral infections can be both more severe and prolonged.
Very severe viral infections have also been demonstrated in disor-
ders of the innate immune system affecting the Type | interferon
pathway.?™> A general increase in the severity of the viral infec-
tion is not the purview of this review article nor is coverage of
hemophagocytic lymphohistiocytosis, often a diagnostic conun-
drum,®’ because it has been reviewed comprehensively recently
as has EBV susceptibility.822 The goal of this review is to cover
distinct or unusual phenotypes caused by viral infections in peo-
ple with IEI.

This article is part of a series of reviews covering Inborn Errors in Immunity appearing in Volume 322 of Immunological Reviews.
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2 | VIRUSES CAUSING A DISTINCT
PHENOTYPE IN PATIENTS WITH IEI

The clinical manifestations of any given viral infection reflect a
complex interplay between direct viral affects, often including cy-
topathic effects, and the host responses to the viral infection. In
IEl, it is never the case that all components of host defense are
compromised. Therefore, host responses to the virus can exhibit
abnormal compensatory mechanisms or the revealing of alter-
native host responses that are typically less obvious in a normal
response. The five viruses reviewed in the subsequent sections
demonstrate different types of compensatory and alternative re-
sponses as well as failure to contain or eradicate the virus. Table 1
reviews the frequency of the viruses reported to a national reg-
istry called USIDNET in different IElI without reference to the
phenotype of the infection.’® It can be seen that viral infections
in general are an abundant cause of morbidity across IEls. Note
that each virus is enriched in different types of IEl with enterovirus
enriched in agammaglobulinemia and herpes simplex enriched in
common variable immunodeficiency. Note that warts and papillo-
mavirus were reported separately because not all cases had viral
detection. Therefore, a focus on unusual phenotypes of viral infec-
tions represents an important clinical topic.

2.1 | Enterovirus
2.1.1 | Viral characteristics

Enteroviruses belong to the virus family Picornaviridae (small RNA
virus). The Enterovirus genus currently consists of 12 species, 7
of which are viruses that infect humans: Enterovirus A, B, C, D,
and Rhinovirus A, B, and C.*15 New enteroviruses are assigned
names by their species letter and then the new number (e.g., en-
terovirus D68). Enteroviruses are common and the prevalent en-
teroviral types vary each year.*® In a normal host, most infections
last 2-3weeks and are either asymptomatic or present as a mild
febrile illness with either respiratory symptoms or gastrointesti-
nal symptoms. Severe disease including myocarditis, pancreati-
tis, myopathy, and meningitis occurs in apparently normal hosts.
Newborns are particularly susceptible to serious disease such as
neonatal enteroviral sepsis, myocarditis, pericarditis, meningitis,
encephalitis, acute flaccid myelitis or paralysis, and poliomyeli-
tis presumably due to their immunologic immaturity. In addition
to host factors driving severe disease, some specific enterovirus
types such as echovirus 6 (E6), E9, and E30 are associated with
aseptic meningitis; E11 is associated with enteroviral sepsis pre-
senting as hepatitis—-hemorrhage syndrome; and CVB5 is associ-
ated with myocarditis. However, each virus can be associated with
several disease presentations and all enteroviral types have some

capacity to be neurotropic.17

Infections

Enterovirus

Agammaglobulinemia

Charge syndrome

Chronic granulomatous disease

Combined immune deficiency

Common variable immune deficiency (CVID)
DiGeorge syndrome

HLH, including XLP and pigmentary disorders
Hyper IgE syndrome

Hyper IgM syndrome
Hypogammaglobulinemia

Immune dysregulation

Immunodeficiency with myelodysplasia
(GATA2 and others)

Mucocutaneous candidiasis

Other immune deficiency—known cause
Predisposition to severe viral infections
Severe combined immune deficiency (SCID)

Specific antibody deficiency with normal Ig
concentrations and normal numbers of B
cells

Susceptibility to mycobacteria (MSMD)

Transient hypogammaglobulinemia of infancy
with normal numbers of B cells

Wiskott-Aldrich Syndrome

Herpes simplex

Agammaglobulinemia

Autoimmune lymphoproliferative syndrome
(ALPS)

Chronic granulomatous disease
Combined immune deficiency
Common variable immune deficiency (CVID)

Ectodermal dysplasia with immunodeficiency
(NEMO and others)

HLH, including XLP and pigmentary disorders
Hyper IgE syndrome

Hyper IgM syndrome
Hypogammaglobulinemia

1gG subclass deficiency

Immune dysregulation

Immunodeficiency with myelodysplasia
(GATA2 and others)

Leukocyte adhesion deficiency
Mucocutaneous candidiasis

Other immune deficiency—known cause

TABLE 1 Viralinfections in patients with IEl reported to
USIDNET.

Distinct count
of patients

15
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TABLE 1 (Continued) TABLE 1 (Continued)

Distinct count Distinct count

Infections of patients Infections of patients
Predisposition to severe viral infections 4 Other immune deficiency—known cause 1
Severe combined immune deficiency (SCID) 10 Severe combined immune deficiency (SCID) 1
Specific antibody deficiency with normal Ig 2 Rubella
colrllcentrations and normal numbers of B Agammaglobulinemia 1
cells
IgA deficiency 1
TLR pathway abnormality 1
Predisposition to severe viral infections 1
Wiskott-Aldrich syndrome 17
Meas| Wiskott-Aldrich syndrome 1
easles
Warts
Agammaglobulinemia 1
Agammaglobulinemia
Common variable immune deficiency (CVID) 2
Ataxia telangiectasia
Other immune deficiency—known cause 1
Autoimmune lymphoproliferative syndrome 1
Specific antibody deficiency with normal Ig 1 (ALPS)
concentrations and normal numbers of B
cells Chronic granulomatous disease 9
Wiskott-Aldrich syndrome 2 Combined immune deficiency 12
Papillomavirus Common variable immune deficiency (CVID) 49
Agammaglobulinemia 1 Complement deficiency 1
Autoimmune lymphoproliferative syndrome 1 Ectodermal dysplasia with immunodeficiency 1
(ALPS) (NEMO and others)
Chronic granulomatous disease 1 Hyper IgE syndrome 4
Combined immune deficiency 11 Hyper IgM syndrome 3
Common variable immune deficiency (CVID) 25 Hypogammaglobulinemia 6
Complement deficiency 1 Immune dysregulation 9
DiGeorge syndrome 1 Immunodeficiency unknown cause 1
Hyper IgE syndrome 1 Immunodeficiency with myelodysplasia 19
(GATA2 and others)
Hyper IgM syndrome 8
Leukocyte adhesion deficiency 2
Hypogammaglobulinemia 1
Mucocutaneous candidiasis 3
Immune deficiency with syndromic features 1
(not otherwise listed) NK cell defect 1
Immune dysregulation 5 Other immune deficiency—known cause 4
Immunodeficiency unknown cause Predisposition to severe viral infections 16
Immunodeficiency with myelodysplasia 25 Severe combined immune deficiency (SCID) 25
(GATA2 and others) Specific antibody deficiency with normal Ig 3
Leukocyte adhesion deficiency 1 concentrations and normal numbers of B
cells
Mucocutaneous candidiasis 2
. ) Wiskott-Aldrich syndrome 10
eutropenia
Grand total 534
Other immune deficiency—known cause 1
Predisposition to severe viral infections 12
Severe combined immune deficiency (SCID) 12
G A e el 7 2.1.2 | Neurologic disease in XLA
Parvovirus
Combined immune deficiency 1 In the early 1970s, enteroviral infections were first described in
Common variable immune deficiency (CVID) 3 X-linked agammaglobulinemia (XLA). Approximately 15%-20% of
Ny E evnd . XLA patients were infected with generally poor outcomes.'®* The
er syndrome
yperigt sy first descriptions of chronic enteroviral meningoencephalitis (CEMA)
H IgM d . . . .
yperight syndrome 3 began to appear in the 1970s and described acute flaccid paralysis
Immunodeficiency with myelodysplasia 1 related to live polio vaccine administration or meningoencephalitis
p g p
(GATA2 and others) . L . 20-22 .
with non-polio enteroviruses. Outcomes were poor with only
Leukocyte adhesion deficiency 1

5% having a good outcome.?’
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Today, this is an uncommon but still tragic complication in XLA
with 3% of patients in the US registry, USIDNET, having confirmed
enteroviral infections (Table and Refs [23,24]). In the ESID registry,
1% had reported enteroviral meningoencephalitis and the LASID
registry had 4% of patients with XLA with meningoencephalitis.
Therefore, enteroviral disease is an uncommon complication in XLA
but the severity is high with many fatalities. The age of onset of en-
teroviral disease in XLA ranges from infancy to 50years of age and
the phenotypes include classic CEMA, arthritis, hepatitis, dermato-
myositis, polyradiculitis, and myocarditis. In some cases, patients
were not on immunoglobulin treatment but among treated patients,
the average 1gG was only 300mg/dL.Y? Higher IgG levels appear to
confer some protection, although it is not clear that there is any level
that confers complete protection.?®

CEMA is the most severe of the presentations. Patients present
with loss of motor and cognitive milestones with progression over
weeks or months before diagnosis.!”?° Other presentations include
an acute encephalomyelitis, flaccid paralysis, or an acute or chronic
myelopathy and whether these phenotypes are driven by the virus
or by host responses is not known.?”?8 The neurologic features can
wax and wane over time, but most patients typically exhibit is a slow

decline and death within 2years.*

2.1.3 | Diagnosis

Once there is a clinical suspicion, it is important to activate a plan
for diagnosis. MRl is usually the first modality invoked. Symmetric
white matter hyperintensities (typically bright on T2 without as-
sociated diffusion weighted imaging signal or contrast enhance-
ment) are the most typical finding (Figure 1A); however, early MRI
results can be completely normal.?”2%3! L eptomeningeal contrast
enhancement is also typical.27’31'33 Late cases will exhibit atrophy
(Figure 1B,C).

Lumbar punctures are usually performed in the setting of sus-
pected CEMA. A lymphocytic pleocytosis with lymphocyte counts
in the 40-400 range are common but not invariant. Protein is usually
elevated with low glucose.? As is true for the MRI, the CSF may be
completely normal early in the disease course. Enterovirus is usu-
ally detected by PCR from CSF3*=%¢ put a brain biopsy should be
considered if there is a high index of suspicion, but CSF PCR is neg-
ative. While CSF PCR has high sensitivity for epidemic enteroviral
meningitis in the general population, the sensitivity appears lower
in CEMA. In some cases, rectal or throat swabs have been posi-
tive for enterovirus; however, caution must be used in interpreta-
tion as these may be distinct isolates from the brain. Unbiased high
throughput sequencing has successfully identified enteroviruses and
other pathogens in the brains of patients with a CEMA-like picture.
Hence the concern regarding correct identification of the pathogen.

Aichivirus and astrovirus have been identified in boys with XLA and

FIGURE 1 MRIfindings in chronic enteroviral
meningoencephalitis in X-linked agammaglobulinemia. (A) MRI
performed near the time of presentation at 2.5 years of age with
mild ataxia showing confluent periventricular and subcortical white
matter T2 signal abnormality/hyperintensity, also affecting the
subcortical U fibers. Subdural CSF collections can be observed
bilaterally. Panels (B,C) are from three years later and interval
progression can be seen. The subdural collections have markedly
increased. The white matter signal intensities were unchanged.
Panel (A) and panels (B,C) were performed on different MRI.

All panels are T2 images. Clinically, he was significantly more
neurologically compromised. These images are from a previously
published personal case but the images themselves have not been
published.?’
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meningoencephalitis with a similar clinical picture.3” Therefore, it
cannot be assumed that all meningoencephalitis is due to entero-
viral infection in XLA. Indeed, the differential diagnosis for CEMA
includes JC virus, measles, HIV, cytomegalovirus, arboviruses, and
herpes viruses, as well as atypical bacterial infections, tick-borne
infections, chronic fungal infections, autoimmune disorders, and re-

actions to IVIG.%8

2.1.4 | Other conditions with CEMA and enteroviral
susceptibility

There have been sporadic cases of patients with other forms of ag-
ammaglobulinemia, SCID, and hyper IgM developing CEMA. Today,
in the United States, most infants with SCID are diagnosed through
newborn screening and exposures to enterovirus are unlikely. The
possibility of newborn screening for XLA may impact XLA outcomes
by preventing some CEMA.3%4% The rarity of CEMA in non-XLA con-
ditions suggests that the pathogenesis is not entirely related to lack
of antibody and either lack of BTK or B cells is more likely to drive
disease.

There is currently an evolving recognition of susceptibility to en-
terovirus among people treated with rituximab, a B cell depleting
agent widely used for lymphoma, multiple sclerosis, and systemic
lupus erythematosus.**™>* The population treated with rituximab
has generally had a more acute presentation of disseminated disease
or meningoencephalitis compared to the slow onset seen in XLA;
however, late relapses and late relapses in different organs have
been observed suggesting incomplete clearance even in the setting
of clinical improvement. Patients who have developed CEMA after
rituximab have often had multiple simultaneous immune suppressive
therapies, making it difficult to ensure that susceptibility to CEMA
was driven exclusively by rituximab treatment. Nevertheless, CEMA
and acute disseminated enteroviral disease are rare in patients un-
dergoing chemotherapy for solid organ malignancies suggesting that
not all immune suppression is associated with susceptibility. Newer
B-cell depleting agents have been used much less extensively but
surveillance for CEMA is warranted and the new BTK inhibitor class
of drugs will require yet more vigilance. One patient with dissemi-
nated enteroviral disease after combined therapy with rituximab and
ibrutinib suggests caution is appropriate.®®

2.1.5 | Management

Most of the cases of patients on B-cell depleting medications have
been successfully treated with high-dose IVIG and supportive care
although a mortality rate of 37% has been reported in this setting.56
In XLA, outcomes vary widely.?? In a recent USIDNET report, there
was a single death from viral meningoencephalitis?® but in a world-
wide survey, CEMA occurred in 4% of patients overall’” and the
mortality rate of published cases corresponded to the rate of menin-
gitis/encephalitis, suggesting enteroviral disease is a major driver of

FIGURE 2 Correlation of enteroviral cases reported and
mortality from different countries. Publications reported both and
including a significant sample size were included.®’

mortality (Figure 2). Therefore, there is great need for therapeutics
directed at enterovirus for this population.
High-dose intravenous immunoglobulin (IVIG) has a reason-

able success rate?>26:58:57

and intrathecal immunoglobulin has also
induced multiple remissions.}?2¢:33:60.61 gavere side effects with
intrathecal therapy are common, limiting its utility.?®°® Generic an-
tiviral therapy with interferon alpha,® intrathecal interferon beta,®°

58,62

ribavirin, and cidofovir have also been used with uncertain ef-

ficacy.®® Specific anti-enteroviral therapy was pioneered with ple-
conaril, which appeared to induce remission in several patients.®"¢’
Pocapavir, the successor to pleconaril, is under development by
ViroDefense Inc. and appears to have efficacy in case reports al-
though not all enteroviruses are equally susceptible.87° Pocapavir
can sometimes be obtained directly from ViroDefense but an alter-
native with a few reports of efficacy is fluoxetine. Developed as an
antidepressant, it inhibits the enterovirus 2C protein, which is in-
volved in viral RNA replication.n'72

Hematopoietic cell transplantation is seldom performed in the
United States for XLA although other countries have had success

with this as a definitive treatment.”®

A health care economic study
also found favorable economics for the use of transplant for XLA.”*
There are no reports of cure of CEMA after transplant but it is a
reasonable consideration given the poor outcomes with antiviral ap-
proaches. Unknown at this time is whether there is a CNS-intrinsic

BTK deficiency critical for CEMA pathogenesis.

2.2 | Rubella
2.2.1 | Viral characteristics

Rubella virus (RuV) is classified as a member of the genus Rubivirus
in the Matonaviridae family. The RuV particle consists of a 10kb sin-
gle-stranded plus-sense genomic RNA packaged into a viral capsid
formed by C protein surrounded by the lipid envelope with two spike
viral glycoproteins, E1 and E2. The E1-E2 heterodimer is responsible
for binding to cellular receptor(s) and endocytosis and is critical for
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humoral immune recognition. E1 represents the primary target for
neutralizing antibodies. There are likely multiple entry receptors for
RuV although the one for which the best evidence exists is myelin
oligodendrocyte glycoprotein (MOG).”®

Humans are the only known species naturally infected with RuV.
Typically, the virus enters the nasopharynx with subsequent viremia
after respiratory-to-respiratory transmission via droplets. Viremia is
associated with the characteristic 3-day rash (Figure 3). Young chil-
dren often have no symptoms or mild symptoms without fever.”
Older children and adults are more likely to experience malaise,
fever, and anorexia. The most common complications include eleva-
tion of liver function tests and arthritis/arthralgia. As many as 52%
of adult women newly infected with RuV have arthritis/arthralgia.””
Specific joints can include fingers, wrists and knees. The arthritis
most often resolves spontaneously as is typical for a viral arthritis
(Figure 3).

2.2.2 | Congenital rubella syndrome

In the late 1960s an enormous public health program dedicated to
the development of a rubella vaccine arose to prevent the epidemic
of congenital rubella syndrome (CRS) in the United States (Figure 3).
The famous actress Gene Tierney is thought to have had a baby in
1943 affected with CRS, thereby triggering a mental health decline.
The fearsome effects of CRS are now mostly relegated to textbooks
in the United States although cases continue in parts of Asia, Africa,
and other countries without strong vaccine programs.”® The most
common features of CRS depend on the timing of infection but often
include heart disease with pulmonary artery stenosis as a charac-
teristic feature, congenital cataracts, microphthalmos, glaucoma,

FIGURE 3 Features of rubella. (A)
Blueberry muffin rash in CRS. (B) Rubella
arthritis. (C) The classic rubella rash in
siblings. (D) The public health initiative to
encourage vaccination to prevent CRS in
the 1960s. All photos are from the CDC
public health photo library.

hearing impairment, developmental delay, and microcephaly. Babies
can be born with features strongly associated with intrauterine in-
fection such as blueberry muffin rash (Figure 3), hepatosplenomeg-
aly, and thrombocytopenia. Development of the immune system is
often impacted in CRS-affected infants. Retarded development of
the thymus, decreased CD4/CD8 ratios, decreased activity of NK
cells, and reduced number of CD4+ and CD8+ T cells have been
reported in some CRS patients leading to impaired cellular immune
responses.”’ 8! 1gM is often elevated, consistent with most intrau-

terine infections.

2.2.3 | Inflammatory diseases with rubella occurring
in the general population

Rubella encephalitis is a feared but uncommon complication of acute
infection. In this condition, neurologic features usually appear with
the rash. Seizures are the most common feature, and the CSF protein
is usually elevated with a modest cell count. Autopsy studies have
revealed diffuse neuronal degeneration, edema, and perivascular
lymphocytic infiltrates without clear demyelination.®?

A distinct neurologic phenotype, rubella progressive panenceph-
alitis, has been described after congenital infection. After a stable
period of approximately a decade, the patients exhibit neurologic
deterioration and seizures.®® Elevated CSF protein and IgG with high
titers of antibody to rubella virus are diagnostic in the appropriate
clinical setting. These rare patients suggest subclinical persistence
of RuV after CRS or early childhood infection.

Fuchs heterochromatic cyclitis (FHC) is an anterior uveitis lead-
ing to color change in the iris. It usually occurs in the third and fourth
decades of life and most patients are asymptomatic. It is typically a
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disease that strikes only one eye, thereby causing discordant iris col-
ors in the two eyes.?* Today FHC is most often secondary to the vac-
cine strain of RuV but in earlier years, it was more often seen after
early life natural infection.8>~8” FHC also suggests that the virus may
live in a reservoir after acute infection, emerging later in life. Neither
rubella progressive panencephalitis nor FHC are thought to occur
specifically in people with IEL

2.2.4 | Chronic rubella infections in people with IEI

Vaccine strain rubella virus causing cutaneous inflammation was
initially reported in 2014.28 To date, nearly 90 RuV-associated cases
have been reported in the literature (reviewed in Ref. [89]) and we
have studies over 100 cases. The typical picture of the inflammatory
lesions are displayed in Figure 4 with the immunofluorescence test-
ing for RuV used diagnostically at the Centers for Disease Control.
Additional studies have defined the types of immunodeficiencies
and the poor response to therapy.887%%! Generally significant T-cell
compromise is a risk factor.”® Inflammatory lesions occur through-
out the body, but cutaneous inflammation is the most commonly
reported (Figure 5A). The timing of granuloma onset appears to de-
pend on the IEl type ranging from 3weeks to 57 years after MMR
vaccination (Figure 5B). The virus has been found in neutrophils and/
or macrophages and most often the tissue sites have granulomas’?
(Figure 5C). The recovered RuV have mutated genomic sequences
with up to 3% nucleotide substitution relative to the vaccine strain
and have therefore been referred to immunodeficiency-related
vaccine-derived rubella viruses (iVDRV).”® Most iVDRVs contain
mutated B- and T-cell epitopes suggesting a possible evasion mecha-
nism of vaccine-induced immunity for the maintenance of RuV per-
sistence. Live virus has been recovered and the mutations appear to
dictate tissue-specific growth patterns.93

Recently reported immunohistological analysis of the iVDRV-as-
sociated lesions shows different inflammatory patterns.”?> Most
cutaneous granulomas (75%) were non-necrotizing or necrotizing
granulomas with focally aggregated RuV capsid present in M2 mac-
rophages. An additional pattern found in 25% of cutaneous gran-
ulomas had rubella capsid in neutrophils, typically associated with
central necrosis. In other organs, the patterns were quite different
with poorly organized granulomas and mixed infiltrate with rubella
capsid located primarily in neutrophils. There was no association be-
tween specific granuloma patterns and the specific IEl. All samples
had a substantial presence of T cells (Figure 5D) even though most
individuals had low T-cell counts or defective T-cell cytotoxicity.

While iVDRV-induced inflammation is most often reported in
patients with immunodeficiencies, similar pathologic processes
have been seen in people who are apparently normal hosts and in
people infected with wild-type RuV.?*?> Thus, this rubella-associ-
ated inflammatory disease is not limited to those who are immuno-
deficient or those who have been vaccinated. Equally important is

consideration of settings where iVDRV disease is not observed. It

FIGURE 4 Chronic rubella causing cutaneous inflammation.

(A) An infant with ataxia telangiectasia and RV+ cutaneous
granulomas (photo curtesy of Dr. James Treat). (B) An adult with
CVID and RV+ cutaneous granulomas (photo courtesy of Dr. Misha
Rosenbach). (C) Immunofluorescence of RV capsid protein (Red),
CD206 M2 macrophage marker (green), and DAPI (blue). The
immunofluorescence in panel C is from the patient in panel B.

has not been observed in patients undergoing hematopoietic cell
transplant nor chemotherapy for non-IEl patients. These settings
can be profoundly immune suppressive but importantly are time
limited. These clinical observations inform on our model for the de-
velopment of disease (Figure 6). The T-cell repertoire at the time of
exposure may be sufficient to control acute disease or live vaccine
exposure and RuV enters into an unknown reservoir suggested by
rubella progressive panencephalitis, FHC, and the delay in devel-
opment if disease in patients with IEl. Compromised control due to
T-cell dysfunction and the gradual acquisition of mutations that fa-
cilitate persistence and escape contribute to the emergence from
the reservoir. Myeloid cells carry RuV and for reasons incompletely
understood tend to emerge in the skin where imperfect immune
control and possibly viral characteristics drive the granulomatous

process (Figure 6).
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FIGURE 5 Chronicrubella features in IEl. (A) 240 samples submitted to the CDC with positive detection of RuV were distributed across
different organs. (B) The age of onset from 75 patients with age of onset reported was categorized according to combined immunodeficiency
(CID), common variable immunodeficiency (CVID), hemophagocytic lymphohistiocytosis (HLH), or severe combined immunodeficiency
(SCID). Three patients are not included as they represented single cases. The bars indicate the mean and the error bars indicate standard
deviation. (C) Granulomas are categorized as M-type with macrophage infection or N-type with neutrophil infection. Not shown are some
cases where both macrophage and neutrophil infection were observed in the same granuloma. (D) Although myeloid cells harbor RuV, T cells

(green) are always seen surrounding the infected myeloid cells.

2.2.5 | Diagnosis

Currently, the diagnosis of chronic rubella is performed by RT-PCR of
affected tissues, nasopharyngeal swabs, oropharyngeal secretions, and

urine. RuV has also been detected through immunofluorescence for

d85

rubella capsid® and unbiased metagenomic screens for pathogens.%

2.2.6 | Management

Treatment outcomes have been disappointing. Nitazoxanide and
ribavirin have activity against RuV and iVDRYV in vitro but use in hu-
mans has demonstrated modest eﬁ’icacy.w’99 The best outcomes
have been with hematopoietic cell transplantation although not all
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Virus enters
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Vaccination of infant Immune control of virus

e Time
¢ RuV mutations
e Loss of T cell control

Cutaneous
granuloma formation

Myeloid cell carries
RuV to skin

Model for iVDRV-driven inflammatory disease

FIGURE 6 Model of emergence of iVDRV-associated inflammatory disease. In this model, there is initial immune control of the vaccine
strain or wild-type RuV and entry into an unknown reservoir. Emergence from the reservoir depends on both viral intrinsic effects and loss
of immune control which occurs more rapidly in settings of severely limited T-cell function or a compromised T-cell repertoire (produced in

Biorender).

patients are candidates for this intervention.”” A recent report of
nucleoside analogs with anti-rubella activity suggests direct virus-

targeting treatment could be possible.

2.3 | Measles

2.3.1 | Viral characteristics
Measles is a negative polarity RNA virus, a member of the
Paramyxoviridae family, and the morbillivirus genus. The genome in-
cludes six genes leading to eight viral proteins. The virus has a helical
appearance by electron microscopy and its high stability means it
survives on surfaces for up to 2h. Its mode of transmission is mainly
from person to person through droplets, initially infecting respira-
tory epithelium.'®® The H glycoprotein of the virus binds to alveolar
macrophages and dendritic cells that express the measles virus re-
ceptor SLAM, also called CD150.1°1192 These infected cells transmit
the virus to bronchus-associated lymphoid tissues and/or draining
lymph nodes. The virus also proliferates in CD150-expressing B and
T lymphocytes. Infected tissues exhibit inflammation and multicel-
lular giant cells with inclusion bodies. Measles is a state of significant
immune compromise due to viral proteins V and C that suppress host
interferon production and facilitate its replication.103

The prodromal phase predates the rash and lasts 4-6days.
Prodromal symptoms include fever, malaise, nasal congestion,
conjunctivitis, palpebral edema, and dry cough. Koplik spots, lo-
cated in the buccal mucosa appear during the prodrome (Figure 7).
The second phase is characterized by the maculopapular rash
typically beginning on the face at the hairline and then extend-
ing downward, becoming confluent (Figure 7). The convalescent

phase begins when the rash begins to disappear as do all the other
symptoms. The rash may be minimal in children with measles mod-
ified by previous vaccine administration. Complications of mea-
sles include pneumonia, otitis media, myocarditis, pericarditis, and

encephalitis.104

2.3.2 | Neurologic complications of measles

There are four main types of neurologic complications with mea-
sles.10° Early in infection, acute encephalitis may occur in as many
as 1:1000 infected people.106 Approximately 2weeks after the
rash appears, acute demyelinating encephalomyelitis (ADEM) may
appear. It is an autoimmune phenomenon with no measles virus in
the brain.'®” With a time frame of weeks to months after infection,
measles inclusion body encephalitis (MIBE) can occur, usually arising
in immunocompromised patients. Finally, the fourth manifestation
occurs several years after initial infection, subacute sclerosing pa-
nencephalitis (SSPE).

Acute encephalitis in measles occurs in approximately 1:1000
children.’®® The most typical age is 5-7years and patients typi-
cally have the characteristic rash at the time of presentation.}%8107
Features include seizures, irritability and coma. Acute encephalitis
is seen with increased frequency among those who are immuno-
compromised and in particular those with innate defects of host de-
fense.’%112 |n a murine model, T-cell deficiency was associated with
greater neurologic disease in adult mice.}*® However, in an outbreak
of measles in South Africa in 2009-2010, MIBE was observed but
not acute encephalitis nor ADEM.1*4

MIBE is known to occur almost exclusively in people with im-
mune compromise. Disease features often include a milder rash than
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FIGURE 7 Features of measles. (A,B,D) measles rash. The rash
typically begins on the face as in panels (A) and (D) and spreads
distally (B). Koplik spots are shown in panel (C). All photos are from
the CDC public health photo library.

is typical due to the immunocompromise. Seizures are the hallmark
of this complication and sympathetic dysfunction is relatively com-
mon. The most common trajectory is progressive disease and death.
Pathologic examination demonstrates inclusion bodies in neurons
and glial cells*'® but inflammation is limited. The CSF is often bland
but can have mildly increased protein and a few cells. CSF antibody
titers will rise over time. The diagnosis is usually established through
PCR detection of measles in CSF or brain tissue. The measles virus
has been reported to have similar patterns of mutations in N and F
genes to those recovered in SSPE although this was not seen in the
outbreak in South Africa.** Some F gene mutations lead to a hyper-
fusogenic virus, allowing it to enter the CD150 negative neuronal
cells.}*¢ M protein mutations are almost invariably found, leading to
compromise in measles particle formation, thought to facilitate im-
mune evasion. 17118

SSPE is a feared but thankfully rare complication of measles
with 5-10 cases per 100,000 cases of measles although there is
remarkable geographic heterogeneity.119 Compromised clearance
of the measles virus may contribute to the susceptibility to SSPE
as the incidence appears to be higher in HIV and with earlier onset.
Acquired variants in M and F proteins, as described above, lead to

viral features contributing to neuroinvasion and viral persistence.120

Patients present 5-10years after acute infections with cognitive
impairment and then develop myoclonic seizures evolving to be-
come nearly continuous.*?* An infrequent but key sign is necrotiz-
ing retinitis. SSPE is pathologically characterized by neuronophagia,
microglial nodules, and intranuclear inclusions in neurons and oligo-
dendroglial cells. Neurofibrillary tangles are seen in later stages of
the illness.*?° On imaging, demyelination can be observed usually
starting in the temporal and parietal lobes with hyperintensities in
the periventricular region. Late in the course, diffuse atrophy domi-
nates the images.'?! The rarity of SSPE makes it difficult to general-
ize about the risks related to immune compromise. Several studies
have identified changes to T-cell behavior in SSPE, but it remains
unclear whether this is secondary to the disease process or causal.
Small studies suggest an increased risk and earlier onset in children
with HIV infected with measles.}2%:122:123 However, a key mecha-
nism of disease appears to be virus intrinsic. Acquired mutations
leading to altered activity of the F protein and M protein appear to
be in part responsible for SSPE. SSPE is characterized by high titer
antibody to measles in the CSF, oligoclonal bands, and an increased
CSF IgG index. Diagnostic criteria have been published and direct
detection of the measles virus is not required and it is important
to recognize that the acquired mutations may make it difficult or

impossible to detect viral nucleic acids.*?*

2.3.3 | Measlesin IEIl

Risk factors for severe disease include immunocompromise, malnu-
trition, and pregnancy. HIV is the most common immune deficiency
worldwide and provides most of the literature on measles in the set-
ting of immune compromise. In HIV, pneumonia is the most common
complication with acute kidney injury and encephalitis also being
more common in those with HIV.*2°

MIBE is more common in people who are immunocompro-
mised and some would say that MIBE is a sign of immune com-
promise.’?® There are multiple reports of patients with leukemia
or HIV developing MIBE.!*>127128 Cases after hematopoietic cell
transplantation have been described as well.*?? Prior to the cur-
rent availability of genetic testing for IEI, dysgammaglobulinemia
and CID were common descriptors for some patients who devel-
oped disseminated measles.?'2139131 5ome of these patients had
encephalitis from natural infection and a few had encephalitis
from the measles vaccine. A theme among these cases is T-cell
compromise.

In the modern era of newborn screening for SCID and popula-
tion vaccination, patients with vaccine-derived disseminated mea-
sles and acute encephalitis have more frequently had defects of
the innate immune system, usually the Type | interferon pathway.
Complete STAT1, STAT2, and IFNAR2 deficiencies (but not IRF7 nor
IRF9 deficiencies) were found to have disseminated measles with

111,132-134

vaccine strain measles virus, often including acute enceph-

alitis. These patients had a high fatality rate.
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2.3.4 | Diagnosis

In the acute dissemination phenotype, PCR will usually detect
the virus in CSF, blood, or nasopharyngeal swab. With measles
pneumonitis, virus is usually easily detected by PCR from a lavage
sample.

MIBE, in contrast, can be difficult to diagnose. The character-
istic measles rash is not always present and the focal seizures are
not pathognomonic. The seizures may be hard to control and the
EEG may show epilepsia partialis continua but the seizure spec-
trum is large and not always specifically suggestive of MIBE. CSF
antibodies to measles are usually undetectable initially and imag-
ing can be normal early in the process. Diagnosis requires brain
biopsy and glial cell proliferation with focal necrosis is typical but
not diagnostic. Inclusion bodies are present by light microscopy,
and electron microscopic studies demonstrate characteristic tu-
bular structures consistent with the paramyxovirus nucleocap-
sid which are strongly suggestive of MIBE. RT-PCR for measles
virus or immunohistochemistry will usually firmly establish the
diagnosis.

SSPE is particularly difficult to diagnose in areas with little cir-
culating measles due to its rarity, the delay in presentation from the
acute measles infections, and the early manifestations having over-
lap with other neurologic conditions. The early features are irritabil-
ity, psychiatric symptoms, and developmental regression. In adults,
it can be mistaken for dementia. Later, the characteristic myoclonus
develops. There may be associated dystonia and other neurologic
findings. A subset of patients have early retinal changes that can
be a useful diagnostic clue. The diagnostic gold standard is brain
biopsy, and in regions with little measles exposure is probably the
usual approach. The biopsy shows inflammation of meninges and
cortex, necrosis, demyelination, and viral inclusion bodies. Measles
virus may or may not be detectable by PCR from brain tissue and
PCR detection can occur in seemingly normal individuals.*®® There
are clinical criteria that have been put forward as an alternative
and are often used when brain biopsy is not feasible or in resource
constrained settings.?* EEG high-amplitude slow waves occurring
bilaterally and synchronously are seen in approximately75% of pa-

tients and are a useful diagnostic clue.

2.3.5 | Management

There are no agents with demonstrated efficacy for any of the forms
of measles infection. Ribavirin has been used with some success to
treat measles infections.****” Specifically for MIBE, ribavirin has
been used with about a quarter of the patients showing improve-
ment. 127129130 |nterferon-o has been used with similar limited ef-
ficacy.®8% Treatment for SSPE has recently been reviewed.*°
Individual agents showed poor efficacy, however, greater success
was seen with combined interferon-a, inosine pranobex, and lami-

vudine!* where >80% survival was seen.

P wiey-

2.4 | Papillomavirus
2.41 | Viral characteristics

Over 200 papillomaviruses have been identified and completely se-
quenced, including more than 150 human papillomaviruses (HPV).
The viruses are non-enveloped icosahedral structures with double-
stranded DNA circles encoding 8-9 genes. The number of encoded
proteins is much greater, due to multiple promoters and splicing
events.

HPVs are commonly isolated from skin swabs and hair follicles
from normal immunocompetent individuals in the general popula-
tion leading to the concept that they generally act as commensals.*#?
HPV are divided into five genera by sequence and each genus has
multiple types (and species) that are often categorized as high risk,
meaning oncogenic, or low risk. Specific HPV types also exhibit tis-
sue tropism, that is, skin or mucosa, with some viral types having
dual tropism. Beta and gamma HPV types are largely commensals.
The alpha, mu and nu HPV can cause visible papillomas with alpha
HPV being by far the most common in the general population. The
oncogenic properties will be covered below but a subgroup of 12
mucosal alpha HPV types are classified as high risk: HPV16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58, and 59. HPV16 is the most oncogenic
of the HPVs. Eight other HPV types are classified as possibly car-
cinogenic: HPV26, 53, 66, 67, 68, 70, 73, and 8.143*4 HPV6 and 11
are associated with benign genital warts, condylomata acuminata,
and respiratory papillomatosis.“s’146 The HPV types causing com-
mon and plantar warts are largely comprised of HPV2, 3, 7, 10, 27,
28, and 57.

HPVs infect the basal epithelial cells through microlesions and
replicate, leading to a stable level of 50-100 copies per cell in the
basal layer with follicular stem cells possibly representing a reser-
voir.**” The immune systemisin large part responsible for elimination
of HPV, even recognizing that many HPV establish a host-commensal
relationship. Regression of anogenital warts is driven by host T-cell
responses and people with medical immune suppression, HIV, or IEl
affecting T cells are associated with increased spread and transfor-
mation to malignancy.**®1%° T-cell lymphopenia due to single ventri-
cle physiology is associated relatively specifically with susceptibility

to warts.?>?

2.4.2 | Phenotype of HPV in people with inborn
errors of immunity

HPV infection in people with IEl includes benign warts, squamous
cell carcinoma, or other HPV-driven malignancies.>?"*>> Having an
IEl alters the recovered HPV types, the extent of infection, and re-
sistance to therapy.

A specific phenotype for HPV in people with IEl is epidermo-
dysplasia verruciformis (EV).2%%157 |t was known to be a genoder-

matosis long before any causal genes were recognized due to the
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familial nature. Nevertheless, the definition rests on the virologic
and pathologic features because it can also be seen with medical
immunosuppression.158 The clinical features include an eruption
of pityriasis versicolor-like macules usually beginning in childhood
and flat, wart-like papules, typically in sun-exposed areas.'>>1¢0
Seborrheic keratosis-like plaques appear in adulthood with a predi-
lection for sun-exposed areas. All the lesions have HPV. About 35%-
50% of patients by middle age will have Bowen's-type carcinoma or
invasive squamous cell carcinoma.'®* The HPV can be diverse but
beta-HPVs 5 and 8 are the most commonly isolated.'? Gamma-HPV
are much less frequently seen in lesions. When EV occurs related to
medical immunosuppression, the age of appearance relates to the
age when the immunosuppression occurred.

A subset of EV has carried the descriptor “tree-man syndrome”
due to the extensive horny skin growths often emanating from the
hands. This colloquial term does a disservice to the patients. Two
competing etiologies have been described. Autosomal recessive
CD28 deficiency was found in a single kindred with EV, one of whom
could be classified as having extensive cutaneous horns.*>® CD28 de-
ficiency led to susceptibility to cutaneous alpha and gamma-HPVs,
but the patient with extensive giant cutaneous horns had alpha-HPV2
recovered from the horny overgrowths while the other members of
the kindred with EV had extensive warts with gamma-HPV4. The
other etiology described for the condition of extensive giant horns
related to HPV is a somatic variant in ANKRD26.2%% The single patient
described had the characteristic cutaneous growths.

Extensive warts are common in many T-cell and NK cell disor-
ders. Next-generation sequencing identified these IEl as having a
strong phenotype of extensive beta-HPV: CARMIL2, CD4, CORO1A,
CXCR4, DCLRE1C, DOCKS8, GATA2, IL7, LCK, MST1, RASGRP1, RHOH,
TAOK2, and TPP2. Of these conditions, GATA2, DOCKS8, and CXCR4
disorders represent the more common conditions associated with a
strong predisposition to HPV. These T-cell disorders have suscepti-
bility to other infections and malignancy risks and the HPV suscep-
tibility is a component of overall viral susceptibility although warts
may be the dominant virus in some conditions. Both cutaneous and
mucosal disease occurs. A special subset of extensive warts can
occur in patients with SCID due to mutations in IL2RG or JAK3 post
-hematopoietic cell transplant. The mechanism is incompletely un-
derstood but appears to be due to a keratinocyte specific defect.?é*
The classic pure NK defects such as MCM4, MCM10, and GINS1 de-
ficiencies do not appear to have the same susceptibility to HPV as
the T-cell defects.'®®

Isolated EV with no other clear viral susceptibility occurs in
three recognized genetic conditions. TMCé6, TMC8, and CIB1 all
encode proteins that complex to interact with HPV E5 and E8 pro-
teins. These proteins restrict beta-HPV in the general population,
where alpha, gamma and mu HPV are more common causes of
warts. Mutation of one of genes encoding the complex proteins
leads to beta-HPV susceptibility.'®® TMC6, TMC8, and CIB1 de-
ficiencies have the same phenotype of EV with no mucosal dis-
ease and can only be distinguished through sequencing or protein
analysis.

2.4.3 | Management

For the T-cell intrinsic disorders, hematopoietic cell transplant usu-
ally leads to resolution of the warts. Often the conditioning leads
to some improvement with sustained regression as engraftment
occurs. For patients who cannot receive a transplant or who have
ongoing graft dysfunction, various escalating treatments can be con-
sidered. There are no comparative trials but success has been seen
with cryotherapy, laser treatment, and photodynamic therapy.“’7
These physical approaches can work well but often the extensive
nature of disease limits their use to small regions or problematic le-
sion clusters. Isotretinoin in combination with interferon-a has had
some success. 168167

Plerixafor has been used specifically for CXCR4 disorders with
success.'© Topical cidofovir has been used successfully on sites
less amenable to physical strategies.’’! Overall, the lesions in
T-cell deficient individuals may be successfully cleared whereas in
TMCé6, TMC8, and CIB1 deficiencies, the goal is to enhance func-
tion and minimize the risk of malignant transformation. Clearance
is not possible at this time. In all cases, a critical component of
management is sun restriction. For reasons incompletely under-
stood, smoking and sun exposure both increase lesions and malig-
nant transformation.

2.5 | Parvovirus B19
2.5.1 | Viral characteristics

Parvovirus B19 is a small non-enveloped single-stranded DNA
virus of the family Parvoviridae, the subfamily Parvovirinae, and
the genus Erythrovirus, meaning erythrocyte-infecting. Parvovirus
B19 infects the erythroid progenitors in the bone marrow and trig-
gers cell death either by lysis or by apoptosis through a mechanism
driven by the nonstructural (NS)1 protein.'’? Parvovirus B19 in-
fection causes a wide spectrum of clinical manifestations ranging
from asymptomatic anemia to fatal aplastic crisis.”® Rash, throm-
bocytopenia, leukopenia, miscarriage, hypocomplementemia, ane-
mia, arthritis, and vasculitis are all recognized manifestations. By
adulthood more than 70% of the adult population is seropositive
to parvovirus B19 and most have had inconsequential infections.
Approximately 25% of those infected are asymptomatic, 50%
have systemic flu-like symptoms (myalgias, headache, and fever),
and 25% have arthralgia or arthritis.'’# Parvovirus B19 is the only
member of the family to cause clear-cut human disease although
Parvovirus B4 has been identified in people with HIV and hepatitis
C virus. It appears to be associated with more rapid progression of
HIVY> and two patients were identified with parvovirus B4 iso-
lated from CSF in the setting of encephalitis.”®

Parvovirus B19 is transmitted through respiratory secretions
and blood products. It is one of the classic childhood exanthems,
often going by “Fifth disease.” In reality, most children do not dis-
play the classic features, however it is commonly conceptualized as
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a triphasic illness. Early features are nonspecific viral symptoms of
fever, malaise, myalgias, diarrhea, vomiting, and headache. The clas-
sic erythematous malar rash involving the cheeks (“slapped cheeks”)
with surrounding oral pallor develops as the fever resolves and lasts
4-5days. A lacey reticular maculopapular rash develops on the trunk
and limbs in some people around the time of resolution of the facial
rash and lasts about 1week.}”* Sun or heat may exacerbate the re-

ticular rash.

2.5.2 | Anemia

Viremia occurs coincident with symptoms of fever and malaise.
Erythroid progenitor cells become infected, then depleted, and the
reticulocyte count drops. Anemia follows as the diminished reticulo-
cytes cannot replete the circulating red cells and dying red cells. The
reduction in the reticulocyte count is occasionally accompanied by
leukopenia and thrombocytopenia.r’” Healthy people seldom notice
the anemia, but severe anemia can occur in two specific settings.
Patients with ongoing hemolysis due to autoantibodies or to an in-
trinsic erythrocyte disorder have an exaggerated nadir following in-
fection. The second scenario is when the virus is not appropriately
cleared. Patients with compromised immunity fail to clear the virus
as quickly and so can have an exaggerated nadir. Aplastic anemia due
to parvovirus B19 occurs after organ or bone marrow transplant and
due to the poor antibody production (required for clearance), each
episode can be severe. Generally, the aplastic crisis ends with the ap-
pearance of specific antibodies and thus rarely lasts for longer than
2weeks but in severely immunocompromised patients, the aplastic
phase can last much longer.

Most of the data on aplastic crises and persisting anemia in im-
munocompromised people has come from cohorts of patients with
HIV. Nevertheless, IEl types with either T-cell defects, antibody
deficiencies, or both have been described as associated with par-
vovirus B19-induced significant anemia. Given that antibody is felt
to mediate clearance, it is to be expected that lymphoid disorders,
as opposed to innate defects, would be the entities primarily as-
sociated with prolonged anemia or aplastic crisis. Case reports of
patients having clinically significant infections with Nezelof syn-
drome, a T-cell disorder without a specific genetic etiology, common
variable immunodeficiency, hyper IgM syndrome, and agammaglob-
ulinema represent examples of lymphoid disorders.'®718! These re-
ports demonstrate the importance of adaptive control of parvovirus
B19, nevertheless, given the high prevalence in communities, it is
surprising that significant anemia is not reported more often in these

vulnerable populations (Table 1).

2.5.3 | Arthritis

The study of parvovirus B19-induced arthritis and arthralgia has
had a controversial arc with interpretations of data ranging from a
clear causal relationship to pure epiphenomena. Acute parvovirus

P wiey-

B19 infection can cause significant small joint edema, synovi-
tis, and as can many infections, induction of rheumatoid factor.
Arthritis is more common in adults (up to half of those with new
infection) than children (5%-10%) and adults may be more likely to
have a symmetric small joint polyarthritis.®? The less clear aspect
is whether it is a cause of rheumatoid arthritis. Most patients with
acute parvovirus B19 arthritis will slowly resolve but still contro-
versial is whether a subset evolve to rheumatoid arthritis driven
by the viral infection. Complicating interpretation are a number of
studies demonstrating parvovirus B19 DNA in joint aspirates from
patients with rheumatoid arthritis.?®® The presence of DNA does
not equate to causality, however. A key argument against the role
of parvovirus is the distinct natural history. Rheumatoid arthritis
(prebiologic era) was associated with progressive erosions while
parvovirus B19 caused pain, edema, even synovitis, but did not
cause erosions.

There have been a handful of case reports of parvovirus B19-
associated arthritis in people who have IEl. These have generally

been reported in people with agammaglobulinemia or CVID.!84

2.54 | Encephalitis

Encephalitis occurs with parvovirus B19 and in one metagen-
omic survey of potentially infected patients found 2.2% (N=16)
had parvovirus B19 DNA detected. Of the nine patients who had
parvovirus B19 DNA in CSF, none were immune compromised.185
Nevertheless, parvovirus B19 encephalitis has been described in
HIV suggesting that dissemination to the CNS may be controlled in
part by host responses.®¢®” Arguing against this is the low num-
bers of clinically evident parvovirus B19 in Table 1. Overall, suscep-
tibility to this virus does not appear to be dramatically, increased

among patients with IEI.

2.5.5 | Hemophagocytic lymphohistiocytosis

There have been rare cases of HLH triggered by parvovirus B19,
largely in the transplant literature. Small series of children with
leukemia and parvovirus B19-induced HLH have also been re-
ported.'®18? Among patients with IEI, parvovirus B19 induced HLH
has been reported in ADA2 and SH2D1A disorders.}?%1%1

Overall, susceptibility to this virus does not appear to be dra-
matically increased among patients with IEl with the possible ex-
ception of aplastic anemia related to delayed clearance of the

virus.

2.5.6 | Diagnosis

Parvovirus B19 is almost universally detected by PCR in the clini-
cal setting. Metagenomic sequencing has been useful in research
settings.
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2.5.7 | Management

Immunoglobulin has been used for significant anemia, with many re-
corded successes.”?'%* Its role in the treatment of myocarditis, ar-
thritis, and encephalitis is less clear, but it is often used as a low-risk
therapy in these circumstances.’?>'® Immunosuppression, often
corticosteroids, has also been used.

2.6 | Summary of unusual viral phenotypes

Severe respiratory tract infections are dangerous for people living
with IElI and their risks are understood. The unusual phenotypes
described here are not the only viruses to cause harm in unusual
ways in people with IEIl. Herpes simplex encephalitis is another
example. While seen in people believe to be immunocompetent,
herpes simplex encephalitis is enriched in disorders affecting neu-
ronal innate defenses and brain stem herpes simplex encepha-
litis is nearly only seen in two disorders of RNA metabolism.*””
Similarly, varicella encephalitis is enriched in people with disorders
impacting DNA metabolism.'?® Thus, it is wise to keep an open
mind regarding etiologies of unusual phenotypes. With the advent
of metagenomic sequencing even more atypical viral infections

have been found.?”*%?

3 | AUGMENTED INDUCTION OF
MALIGNANCY

There are a number of examples of IElI in which malignancy risk is
increased. Many of the T-cell disorders have an increased risk of
lymphoma in part due to lack of control of Epstein-Barr virus.?%°
There are also increased risks related to long-term use of medica-
tions, such as the increased risk of squamous cell carcinoma with
prolonged use of voriconazole. The examples selected here include
Merkel cell polyomavirus which is found only in those who are im-
mune compromised. In contrast, papillomavirus and HSV do cause
malignancy or growths in normal hosts but they are included in this

section because there is a clear enrichment in IEI.

3.1 | Human Papillomavirus (HPV)

HPV types are broadly divided into low-risk HPV and high-risk
HPV groups depending on their potential of malignant progression.
Cervical cancer is the most extensively studied type of cancer in-
duced by HPV, with 99% of cases being associated with high-risk
HPV types. Nevertheless, cancers related to HPV also impact nu-
merous other mucosal areas. Specifically in the general population,
HPV infection is found in 70% of oropharyngeal cancers, 64%-91%
of cervical/vaginal, 40%-50% of vulvar, 88%-94% of anal, and 40%-
50% of penile cancers.'*®2%! |t is thought to represent a modest risk

for skin cancer.?%?

Immunodeficiency and immune compromise are significant
risk factors linked to malignant transformation with HPV.200:203.204
Innate defects, T-cell defects, and NK cell defects are particularly
associated with HPV susceptibility (see above). Uncontrolled HPV
is the main driver of susceptibility to HPV-induced cancer although
impaired surveillance of malignant cells may also be a contributor.?%®
Key IEl impacting the adaptive immune system include DOCK8 de-
ficiency, WHIM syndrome due to CXCR4 mutations, GATA2 defi-
ciency, and serine/threonine kinase 4 (STK4) deficiency. Cell intrinsic
keratinocyte defects of host defense are also associated with a pre-
disposition to HPV-induced malignancy.?®> These are comprised of
the classic isolated EV: TMC6, TMC8, and CIB1 deficiencies.

3.1.1 | Epidermodysplasia verruciformis

EV is characterized by the presence of widespread, persistent, flat
warts, and macular lesions that typically appear during childhood,
as described above. Classic verrucous warts are not common.2%
Squamous cell cancer (SCC) occurs in sun-exposed areas of the skin
in 30%-70% of patients, typically by early adulthood.}>418:207 The
mechanism of HPV susceptibility was reviewed above but worth
noting is a mild T-cell dysfunction.2%® This is not thought to be the
major contributor to HPV but may contribute to the malignancy
predisposition.

Beta HPV types, HPV5 and HPV8 most commonly, are found in
lesions across the entire spectrum of early actinic lesions through
late development of malignant transformation.?°? Beta-HPVs do not
possess the E5 or E8 which are critical growth-promoting factors for
keratinocytes in vivo.?%? Beta-HPVs attain pathogenicity only in ge-

210 and in these conditions, the viral

netically predisposed individuals
load is exceptionally high, implying lack of immune control.?** HPV
oncogenic genes are induced with sun exposure or wounding in mice
and inhibition of E6 expression mitigates these physical traumas act-

ing as inducers of oncogenesis.?!?

3.1.2 | WHIM syndrome (CXCR4 disorder)

WHIM syndrome, a rare multisystem |El characterized by warts,
hypogammaglobulinemia, infections, and myelokathexis (retention
of mature neutrophils in the bone marrow), is caused by autosomal
dominant gain-of-function pathogenic variants in the CXCR4 gene.?*®
Patients with WHIM syndrome exhibit a remarkable susceptibility
to HPV infection, leading to the discovery of numerous novel sero-
types of the virus within this patient population.214 Unlike patients
with classic EV, patients with WHIM syndrome have predominantly
gamma HPV recovered.?* CXCR4 is a chemokine receptor that gen-
erally binds CXCL12, triggering activation of G proteins, cytoskeletal
rearrangement, and anti-apoptotic signaling. Tonic activation results
in desensitization of CXCR4, leukopenia, and altered myeloid and
keratinocyte behavior.?!® Gain-of-function variants appear to stabi-
lize the HPV oncogenic proteins E6 and E7, increase viral replication
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in keratinocytes, leading to increased proliferation consistent with
oncogenesis.216

Patients with WHIM syndrome have been reported to experi-
ence various HPV-related malignancies, including vulvar, cervical,
and anorectal cancers, as well as precancerous genital lesions ne-
cessitating surgical management. Additionally, cases of HPV-related
head and neck squamous cell carcinoma have been observed in
these patients.??'8 |nhibition of CXCR4 therapeutically improves

warts as well as the Ieukopenia.170

3.1.3 | DOCKS deficiency

Autosomal recessive loss-of-function mutations in DOCK8 causes
one of the more common combined immunodeficiencies.?*’ DOCK8
deficiency is characterized by elevated serum IgE levels, chronic
viral and fungal infections, food allergy, dermatitis, eosinophilia,
decreased T and B cells, and an increased incidence of malignant
tumors. HPV and herpes simplex viral infections represent common
cutaneous viral infections in individuals with DOCKS8 deficiency.?%°

Patients with DOCKS8 deficiency are particularly susceptible to
epithelial cancers.??! About 40% of patients had warts and 39%
had epithelial cancers. A multicenter study in Turkey revealed that
DOCKS8-deficient patients had the highest incidence of malignancy,
with skin SCC and vulvar SCC being among the reported cancers.
Insufficient immune responses leading to uncontrolled viral in-
fections are believed to be the main factor driving malignancy in
DOCK8 deficiency.222 The eczema in DOCKS8 deficiency can mask
evolving SCC induced by HPV?2® and DOCK8-deficient patients de-
veloped mucocutaneous SCCs at a young age (range 16-25years).
Pediatricians are less familiar with SCC and the eczema may mask
the evolution to SCC, therefore this complication is important to re-
member. The SCC arises in locations of chronic verrucae which can
assist in the monitoring of patients for this high-risk complication.??*
The actinopathies, among which DOCKS8 deficiency is a member, ap-
pear to have a higher rate of HPV and SCC than other similar T-cell
disorders but the mechanism specific to the actinopathies is not fully

understood.??*

3.14 | GATAZ2 deficiency

Heterozygous pathogenic variants in the GATA2 gene cause a highly
variable disorder with incomplete penetrance.??7?%? GATA2 de-
ficiency may present with infection such as Mycobacterium avium
complex infection or cytopenias (dendritic cell, monocyte, B cell,
and NK cells), syndromic features such as congenital deafness and
lymphedema (originally defining Emberger syndrome), pulmonary or
vascular involvement, and some patients present with myelodyspla-
sia and/or acute myeloid leukemia (AML) and are identified through
sequencing performed for those conditions.2%°

GATA2 haploinsufficiency is frequently associated with HPV in-
fection (>50%).22” GATA2 deficiency should be suspected in young

P wiey-

women with severe cervical HPV disease. A study involving 35 fe-
males with GATA2 deficiency found that 27 of them were infected
with HPV. Among these HPV-positive patients, 18 patients devel-
oped vulvar and/or cervical dysplasia. The median age of diagnosis
for dysplasia was 27 years, ranging from 15 to 59 years. The median
age of diagnosis for genital cancer in these patients was 34years,
ranging from 22 to 40years.?3>23! Hematopoietic cell transplant is
curative for HPV but not established SCC.2%!

3.1.5 | STK4 deficiency

Serine/threonine kinase 4 (STK4) deficiency (previously called
MST1) is a relatively novel IEl in humans, with the first reported pa-
tients documented in 2012.2%2 This autosomal recessive disorder is
characterized by early-onset recurrent bacterial and viral infections,
including lymphoproliferation and lymphoma induced by EBV.233-235
Patients with STK4 deficiency typically exhibit lymphopenia in CD4
T cells, CD8 T cells, and B cells. Many of these patients have also
reported HPV-related warts.

STK4 is a tumor suppressor protein in immunocompetent indi-
viduals. However, in HPV-associated cervical cancer, STK4 levels
are significantly reduced due to the suppression of STK4 mRNA by
HPV E6 and E7 oncoproteins.?3 This facilitates HPV replication and
tumor progression. Consequently, defects in STK4 increase HPV-
driven oncogenesis in vitro.

Although there have been no reported cases of HPV-driven ma-
lignancy in STK4-deficient patients, the elevated risk of HPV-driven
carcinogenesis and the presence of HPV-related cutaneous manifes-
tations should be considered when caring for individuals with STK4

deficiency. STK4 is central to the etiopathogenesis of skin cancer.?%’

3.1.6 | Others

HPV induced dysplasia and/or cancer have been reported in several
other IElincluding ICOS, SPINK5, ZAP70, RHOH, TPP2, and TAOK?2 de-

ficiencies as well as WILD syndrome and CADINS disease.206:238:237

3.1.7 | Diagnosis and management of HPV driven
cancer in IEl

Biopsy and pathological diagnosis are the gold standard for malig-
nancy. In terms of IEIl diagnosis, any patient with extensive HPV dis-
ease or unusual HPV disease should have an immunologic evaluation
including genetic sequencing.

HPV vaccination has demonstrated effectiveness in reduc-
ing HPV incidence among immunocompromised individuals.
Nevertheless, further research is needed to determine the opti-
mal dose frequency in immunocompromised hosts. Encouraging
advancements are being made in the development of therapeu-
tic vaccines, predominantly utilizing tumor proteins E6/E7 as the
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foundation to trigger potent cellular immunity and potentially elimi-
nate HPV-related diseases and malignancies.

Limiting sun exposure and regular screening of precancerous
lesions remains the most effective method for detecting cancer
and precancerous lesions, particularly in immunodeficient patients
who require earlier and more frequent surveillance for HPV-related
diseases.

The management of HPV-driven cancer incorporates surgery,
chemotherapy, radiotherapy, and targeted immune therapy, with
the treatment plan tailored to the location and stage of the cancer.
Early nodal involvement usually necessitates surgical removal and
radiation therapy, while more advanced tumors are treated with
radiochemotherapy.

Patients with IEl may benefit from a distinct approach compared
to the general population, as evidenced by the contrasting outcomes
of radiotherapy for cutaneous SCC and EV. While radiotherapy ef-
fectively treats SCC in the general population, it can be counterpro-
ductive in individuals with EV, leading to the development of more
aggressive tumors after treatment.?4%?*! For GATA2 deficiency-re-
lated HPV disease, bone marrow transplantation represents the sole
known curative treatment option.231

Adoptive cell transfer, genetically engineered T-cell therapy
(involving T-cell receptors (TCRs) and chimeric antigen receptors
(CARs)), and immune checkpoint inhibitors show promise but
their role in IEl is unclear. New molecular technologies, such as
zinc finger nucleases, CRISPR, and RNAI hold particular potential
for effectively addressing severely immunocompromised patient

populations.

3.2 | Merkel cell polyomavirus

Merkel cell polyomavirus (MCPyV) is a member of the
Polyomaviridae family, characterized as a non-enveloped circular
double-stranded DNA virus with a genome size of around 5.4 kb
(kilobases). MCPyV infection is prevalent in the general population
and is often asymptomatic.242’243 Initial exposure to MCPyV com-
monly takes place during early childhood and the seroprevalence
of the virus tends to rise among older age groups. Merkel cell car-
cinoma (MCC) is a rare yet aggressive form of skin cancer caused
by MCPyV. In MCC, the primary lesion is a neuroendocrine tumor
which typically presents as a solitary erythematous or violaceous
papulonodule or plague on sun-exposed skin, most commonly
found on the head and neck, and sometimes on the extremities.?*
MCC can metastasize early without a recognizable primary tumor
in about 4% of all cases.?** The mortality rate of MCC is 33%, mak-
ing it more lethal than other more prevalent skin cancer types.?4¢
MCC is associated with local recurrence, regional metastasis, and
distant metastasis to the brain, bone, liver, lung, and heart in part
explaining its lethality.?*” MCC is the second most common cause
of skin cancer death after melanoma.?*8

In the United States, almost 80% of Merkel cell carcinoma

(MCC) cases are associated with MCPyV, while the proportion is

lower at around 25% in Australia.?*’ The viral genome of MCPyV
has also been detected in squamous cell cancer and cervical ad-
enocarcinomas, as well as in lymphoid leukemias. However, it is
important to note that there is currently no definitive evidence
establishing the etiological link between MCPyV and malignancies
other than MCC.

Excessive UV exposure, advanced age, and immunosuppres-
sion are significant risk factors contributing to the development
of MCC. Organ transplantation, HIV, autoimmune diseases, and
lymphoproliferative disorders are recognized risk factors.?*°
MCPyV DNA becomes clonally integrated during oncogenesis
and drives focal amplification of the DNA in a pattern similar to
that observed for HPV integration sites.?>! Small T-antigen (T-Ag)
and large T-Ag expression is critical. The small T-Ag plays a cru-
cial role in promoting transcription and gene expression, inducing
the transformation of fibroblasts, and is believed to initiate tum-
origenesis. The large T-Ag increases mutagenesis via induction of
APOBEC3B expression and inhibits the tumor suppressor genes
retinoblastoma (Rb) and p53, causing uncontrolled proliferation of
MCC cells.?%?

MCC is exceptionally uncommon among younger patients, as
only 5% of cases manifest in individuals below the age of 50. A sig-
nificant proportion of cases are linked to immunosuppression.?>3
IEI associated with MCC include GATA2 deficiency and other T-cell
disorders.2>%2%

MCPyV positive MCC has been found in patients with EV and
one study showed a strong association of EV-associated skin neo-
plasms with MCPyV which suggests a unique susceptibility to infec-

tions with MCPyV in these keratinocyte disorders.?>¢72%8

3.2.1 | Diagnosis

Diagnosing MCC depends on finding the characteristic features of
neuroendocrine tumors on skin biopsy. The immunohistochemical
marker cytokeratin-20 (CK20) is employed to differentiate MCC
from other neuroendocrine carcinomas.?>’ MCPyV is detected by

sequencing or PCR.

3.2.2 | Management

For primary tumors lacking signs of metastases, the standard treat-
ment involves complete surgical excision with appropriate surgical
margins.260 As occult metastasis in a lymph node is common, a sen-
tinel lymph node biopsy is typically recommended. To enhance local
tumor control, postoperative adjuvant radiotherapy is employed
although checkpoint inhibitors have shown promise. Due to its
high lethality, novel treatments are being explored, many of which
are designed to augment immunity.261 Monitoring is a component
of all treatment regimens as recurrence risks are high. Antibodies
to MCPyV oncoproteins can be tracked as surveillance for recur-
rence,?%! however, immune compromise is a common predisposition
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to MCC which may impact antibody production. IEIl and all forms
of immune compromise require more thoughtful and frequent

mc»nitoring.262

3.3 | Herpes simplex virus

Herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) are human
viruses with linear double-stranded DNA genomes, and they are
categorized within the Alphaherpesvirinae subfamily. HSVs can
enter a latent state within neurons, occasionally reactivating. HSV
can be shed from mucous membranes, even without visible ulcers
but active disease exhibits clusters of painful blisters on an ery-
thematous background at the infection site. Ulceration can occur
as the vesicles break down. Primary HSV1 infections, often in chil-
dren, can also be associated with fever, intense pain, and lymphad-
enitis.?*® While HSV-1 is typically associated with orofacial lesions
and HSV-2 with genital ulcers, the prevalence of genital herpes
due to HSV-1 infection has markedly increased in recent years.?%4
HSV infections are generally unpleasant but benign;however, they
can result in severe clinical outcomes such as permanent loss of vi-
sion, encephalitis, meningitis, and even fatality, despite treatment

with antivirals.26%-2¢7

3.3.1 | IEls with susceptibility to HSV infections

Numerous inborn errors of immunity (IEls) frequently manifest as
severe or recurrent mucocutaneous lesions triggered by HSV. NK
and/or T-cell defects are most often associated with mucosal HSV
infections while some innate disorders are associated with herpes

simplex encephalitis.}?72¢8-271

3.3.2 | HSV and malignancy

The connection between HSV-1/HSV-2 and cancer has long been
a subject of controversy. Despite not being standalone oncogenic
viruses, HSV-1 has been identified in both benign and malignant
thyroid tumors, prostate cancer, cervical cancer, and melanoma.?’?
Several studies have detected HSV-1 within cancerous tissues and
demonstrated its ability to disrupt cellular DNA damage repair and
amplify preexisting oncogenes.?”® HSV-1 has been proposed as a
co-carcinogen in oral squamous cell carcinoma, potentially col-
laborating with other carcinogens to enhance their tumorigenic

effects.
3.3.3 | Tumor-like presentations of HSV
Hypertrophic herpes simplex genitalis (HHSG)

HHSG stands as a rare anogenital manifestation of herpes simplex
virus (HSV) infection, often observed among immunocompromised

P wiey-

patients, particularly those with HIV.?”* These painful nodular le-
sions can become malignant. On pathology, glassy intranuclear in-
clusions are indicative of HSV-1 or HSV-2.274

Herpes vegetans

Herpes vegetans is an uncommon and atypical form of cutaneous
HSV infection, primarily documented among individuals with HIV.?”®
These growths can be misidentified as malignancies. This complica-
tion has also been documented in various 1Els.?’%?7% |n immuno-
deficient patients with rapidly growing cutaneous masses, herpes

simplex vegetans should be included in the differential diagnoses.

3.34 | Management

Acyclovir or related agents have been useful in patients with IEL.277
Foscarnet was used successfully in a patient with NFKB2 defi-
ciency.?’% Subcutaneous pegylated interferon-a 2b has been used
in recalcitrant cases, starting at a dose of 0.6 ug/kg/week, followed
by 1pg/kg/week.?””

3.4 | Conclusions

HPV-induced SCC is the best known augmented cutaneous ma-
lignancy in people with IEl. Frustratingly, current therapeutics are
unsatisfactory for the most severe cases with classic EV. The use
of topical cidofovir has improved outcomes for the people with

T-cell disorders'’?

although many cases respond to early topical ap-
proaches used in the general population. The tumors associated with
HSV are not true malignancies but represent benign growths that
are problematic and similar to HPV, can cause local destruction or
dysfunction. There are two other tumors associated with IEIl that
bear mention. EBV smooth muscle tumors are a unique manifesta-
tion of EBV thus far only seen in certain IEl. Patients with GATA2,
CARMIL2, and hypomorphic SCID have been described along with a
poorly understood NK disorder.?’® Thus far, all conditions reported
with an EBV smooth muscle tumor have had significant T-cell or NK
cell dysfunction, similar to the overall susceptibility pattern to all
EBV morbidities.

Kaposi sarcoma was found in a similarly restricted set of disor-
ders. Human herpesvirus 8 (HHV-8) is found in all forms of Kaposi
sarcoma: classical, endemic, AlDS-associated, and iatrogenically ac-
quired. HHV-8 has been detected in tissues from Kaposi sarcoma,
multicentric Castleman's disease, and primary effusion lymphoma.
Among all these HHV-8 associated disorders, only Kaposi sarcoma
and multicentric Castelman's disease are strongly associated with
immune compromise. Classically seen in HIV, Kaposi sarcoma has
been observed in IEl including Wiskott-Aldrich syndrome, MAGT1
deficiency, STIM1 deficiency, and other significant T-cell disorders,
which conceptually aligns with HIV pathogenesis‘279

In a USIDNET study, lymphoid cancers were the most frequently
identified in patients with IEI with skin cancer as the second most
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commonly identified malignancy.?°® Gastrointestinal cancers ranked
third. When assessing the frequency of malignancy in IEl compared to
the general population, lymphoid cancer, skin cancer, stomach cancer,
and thyroid cancer were all enriched in the IElI cohort. The role of in-
fection, that is, EBV, Helicobacter pylori, HPV, and unknown agents play
an as yet incompletely understood role. An improved understanding

may translate to improved therapeutics for patients with IEI.
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