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Abstract In today’s global economy and affordable vacation
travel, it is increasingly important that visitors to another country
and their physician be familiar with emerging infections, infec-
tions unique to a specific geographic region, and risks related to

the process of travel. This is never more important than for
patients with primary immunodeficiency disorders (PIDD). A
recent review addressing common causes of fever in travelers
provides important information for the general population
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Thwaites and Day (N Engl J Med 376:548-560, 2017). This
review covers critical infectious and management concerns spe-
cifically related to travel for patients with PIDD. This reviewwill
discuss the context of the changing landscape of infections, high-
light specific infections of concern, and profile distinct infection
phenotypes in patients who are immune compromised. The or-
ganization of this review will address the environment driving
emerging infections and several concerns unique to patients with
PIDD. The first section addresses general considerations, the
second section profiles specific infections organized according
to mechanism of transmission, and the third section focuses on
unique phenotypes and unique susceptibilities in patients with
PIDDs. This review does not address most parasitic diseases.
Reference tables provide easily accessible information on a
broader range of infections than is described in the text.

physician be familiar with emerging infections, infections
unique to a specific geographic region, and risks related to the
process of travel. This is never more important than for patients
with primary immunodeficiency disorders (PIDD). A recent re-
view addressing common causes of fever in travelers provides
important information for the general population [1]. This re-
view covers critical infectious and management concerns spe-
cifically related to travel for patientswith PIDD. This reviewwill
discuss the context of the changing landscape of infections,
highlight specific infections of concern, and profile distinct in-
fection phenotypes in patients who are immune compromised.
The organization of this review will address the environment
driving emerging infections and several concerns unique to pa-
tients with PIDD. The first section addresses general consider-
ations, the second section profiles specific infections organized
according to mechanism of transmission, and the third section
focuses on unique phenotypes and unique susceptibilities in pa-
tients with PIDDs. This review does not address most parasitic
diseases. Reference tables provide easily accessible information
on a broader range of infections than is described in the text.

Section 1: General Considerations

Emerging infectious diseases are a result of a convergence of
numerous factors and comprise complex interactions among
multiple variables. Some of those factors are humanmovement,
land use change, encroachment andwildlife translocation, rapid
transport, and climate change. Several studies demonstrate that
for a pathogen to persist in a population, a minimal host popu-
lation size that is specific for the type of pathogen and host
population. Of particular relevance to emerging infections is
the pattern of rapid population growth. In the tropics, before
WWII, most regional ecosystems consisted of few large cities
and scattered human settlements separated by large areas of
cropland, pastureland, or undisturbed forest. Today, the pattern
is the opposite: Many large cities have developed with only
patches of undisturbed forest or grassland. Domestic vectors
have therefore expanded their population with increasing ur-
banization and this markedly impacts the interactions between
vectors and pathogens [2]. Human activities such as deforesta-
tion, use of pesticides, pollution, etc. lead to the loss of preda-
tors that naturally regulate rodent and insect populations. This
contributes to emerging zoonotic diseases and explains why
they occur more frequently in areas recently settled.

Global Warming

Global warming can favor the geographic expansion of sev-
eral infectious diseases. The Intergovernmental Panel on
Climate Change (IPCC) predicts an average increase in global
temperature of 1.5–5.8 °C during the twenty-first century [3].
Global warming affects the Northern hemisphere more than
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Introduction

In today’s global economy and affordable vacation travel, it is
increasingly important that visitors to another country and their



the Southern, with a reduction in the number of cold days per
year, changes in rainfall (more winter precipitation and sum-
mer droughts) [4], and together these changes increase the risk
of several vector-borne diseases in new areas. Climate change
involves not only global warming but also changes in precip-
itation, wind, humidity, and the location and frequency of
extreme weather events like floods, droughts, or heat waves.
Changes in climate produce changes in pathogens, vectors,
hosts, and their living environment. Increases in precipitation
can increase mosquitoes for example, but heavy rainfalls may
cause flooding that temporarily eliminates larval habitats and
decreases mosquitoes. Flooding may force rodents to look for
new habitats in houses and increase the opportunities of
vector-human interactions, as occurs for example in the case
of epidemic leptospirosis. Humidity is another very important
factor of climate change in the development of vector-borne
diseases. Mosquitoes and ticks do not survive well in dry
conditions. Therefore, weather impacts infectious pathogen
distribution in complex ways that are not predictable by the
forecast.

Extreme weather events can precipitate outbreaks of infec-
tion. An increase in the frequency and intensity of natural
disasters like hurricanes and tsunamis, in relation to the El
Niño/Southern Oscillation phenomenon, may result in more
flooded grasslands, which favor the breeding of Aedes and
Culex mosquitoes [5], and impact water sanitation fostering
outbreaks such as cholera. Flooded areas can displace rodents
leading to plague. Tornados and other severe weather can stir
up soil leading to infections with soil fungi leading to episodic
outbreaks of invasive fungal disease such as mucormycosis
such as Apophysomyces trapeziformis [6]. Malaria is a com-
mon disease that can vary dramatically depending on weather,
and extreme weather can alter the very landscape, providing
new bodies of water to support larval development. If the
melting of glaciers and the polar ice caps bring coastal cities
underwater, or if overpopulation and waste cause drinkable
water shortages in certain regions of the world, we can expect
mass migrations. These could change the patterns of infection
and drive outbreaks. Migrants traversing tropical forests, or
feeding with meat from game or carcasses, are but two sce-
narios that could be envisioned for the emergence of zoonotic
infectious diseases [7]. Several predictive models have been
developed to evaluate the impact of climate change on the
emerging infectious diseases: CLIMEX, DYMEX,
MIASMAmodels. Nevertheless, it remains difficult to predict
when and where pathogen behavior will deviate from its typ-
ical pattern.

Changes in Vector Distribution

Climate change primarily affects vector-borne diseases by in-
creasing rates of reproduction and biting and by shortening the
incubation period of the pathogen they carry. Ticks have

gained spread from the Mediterranean basin to Northern and
Eastern Europe, as well as appearing at higher altitudes.
Increased survival, density, and activity have also been report-
ed following shorter, milder winters. Climate change has also
resulted in more days of activity per year for mosquitoes. As
temperatures rise, more parasites are viable within regions
ranging from the Mediterranean and tropical zones, up to the
Balkans, Russia, Scandinavia, and the UK. For some ticks and
fleas, temperatures over 25 °C with relative humidity of over
85% are optimal for their proliferation and activity throughout
the year [4, 8, 9]. For example, dengue fever is usually limited
to a tropical latitude and a low altitude, since mosquito eggs
and larvae lose viability with sustained low temperatures.
During unusually warm summers, however, dengue has been
reported as high up as 1700 m above sea level. Warmer tem-
peratures also result in smaller adult mosquitoes, which need
to bite more frequently to feed themselves and be able to lay
eggs, thus increasing the rate of transmission [8].

In contrast, the incidence of malaria has followed mixed
patterns of increase and decrease along recent decades, and
computer models have failed to predict the spread. The expla-
nation for this is, in part, that climate change also results in
diminished survival of the vectors (warming over 34 °C af-
fects the survival of both parasites and vectors), and in part,
that the effect of climate change is non-linear and complex
[10]. The frequency of emerging vector-borne infections
varies per changes in land use, human activity, intervention
maneuvers to eradicate the vector or prevent transmission to
humans, drug treatment, and vaccines.

Both ecologic and economic changes may bring together
rodents and humans. Hunting activities may change vector
distribution and large-scale animal movements can impact
disease distribution. Impoverishment of cities and overcrowd-
ing in slums, but also reforestation, golf club development,
and the urbanization of rural suburbs facilitate exposure to
ticks and rodents [11].

Safety of IVIG Products Around the World

Many patients with PIDD require immunoglobulin replace-
ment. Immunoglobulin products have been demonstrated to
improve outcomes in hepatitis A andmeasles [12, 13]. At least
some neutralizing antibody is present directed to RSV and
group B streptococci [14, 15]. This raises three distinct issues
for patients: (1) difficulty in the diagnosis of infections in
travelers because locally produced immunoglobulin may have
antibody titers to local infections that are not typical for other
countries, (2) safety concerns about locally produced immu-
noglobulin, if the patient resides in the location long enough to
require immunoglobulin from a local provider, (3) the deci-
sion to use locally produced immunoglobulin products to pro-
vide superior prevention of infection compared to the patient’s
usual product. There are limited data on each of these subjects.
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Serologic diagnostic testing in patients on immunoglobulin
therapy will be addressed below in terms of issues related to
lack of specific antibody produced by the patient (potentially)
after infection. The converse can also be an issue. Patients
arriving from countries with significant occurrences of infec-
tions unusual in their current country may have IgG antibodies
to those infections simply through their immunoglobulin
product and not reflecting a true infectious event in the patient.
This can lead to diagnostic confusion when serologic testing
demonstrates the presence of antibodies due to the infusion
product.

Patients will often ask if immunoglobulin products
from other countries are held to the same rigorous stan-
dards as their home country. Today, commercially pro-
duced immunoglobulin is safe and tightly regulated. All
commercially produced immunoglobulin around the world
has one of the time-tested viral inactivation procedures
such as nanofiltration, caprylate absorption, pasteuriza-
tion, solvent/detergent, vapor heating, and low pH treat-
ment. These procedures uniformly inactivate enveloped
viruses. Many emerging viruses are specifically tested
for their ability to withstand the purification process.
Much has been learned since the transmission of hepatitis
C viruses through immunoglobulin products in the early
1990s [16]. Nevertheless, vigilance is important. In 2009,
counterfeit immunoglobulin was identified. Therefore, pa-
tients should ensure that they receive only brand name
products while traveling.

The subject of whether a patient’s interests would be
best served by using a local immunoglobulin product,
with antibodies to pathogens that are prevalent in the
community, or have their home physician ship their usual
product, for which the patient has a known tolerance is
hotly debated. Patients with a history of intolerance to
immunoglobulin products should not switch unless neces-
sary. However, there are compelling reasons to consider a
locally produced product when patients are in a foreign
country for an extended period. It is known that antibod-
ies to West Nile Virus have tracked with the distribution
of the virus as it has emerged in several areas [17, 18].
Titers in products using donors from the USA have higher
neutralizing titers to West Nile Virus than those using
donors from Europe, although there is a 400-fold differ-
ence in titers between lots from the USA [18]. Similarly,
protective antibodies to concerning pathogens may be op-
timal in locally produced immunoglobulin. It is critical to
inquire where the plasma source is derived. In most coun-
tries, the utilized immunoglobulin is produced in Europe
or the USA. Having a different name does not ensure that
the plasma pool comes from a different country. Most lots
of immunoglobulin are produced from 3000 to 60,000
plasma donors. The infrastructure to support such an en-
deavor is not easy to establish in each geographic area.

Serologic Diagnostic Strategies in Antibody-Deficient
Individuals

Serologic testing is commonly used for the diagnosis of infec-
tion. This approach relies upon detection or quantitation of
antibodies made by the host against specific pathogens. The
presence of IgM antibodies against a specific pathogen indi-
cates recent infection, while IgG antibodies against a specific
pathogen indicate past infection. Importantly, serologic testing
can only be applied for the diagnosis of infection if the host
can mount a specific antibody response to the pathogen.
Conversely, serology cannot be relied upon to diagnose infec-
tion in the setting of immune deficiency where there is impair-
ment of the specific antibody response, such as in the case of
primary antibody deficiencies, cellular immune deficiencies,
combined immune deficiencies, and other secondary immune
deficiencies affecting T and/or B cell function. In these situa-
tions, the causative pathogen must be identified by alternate
means such as culture of the organism, antigen detection, or
molecular approaches (nucleic acid hybridization, nucleic acid
sequencing, or oligonucleotide probe arrays). Molecular ap-
proaches are particularly relevant for the diagnosis of infection
in patients with PIDD. Signal and target amplification tech-
niques can be coupled with nucleic acid hybridization or
probe assays to allow detection of pathogen DNA or RNA
that is present in very small amounts in clinical samples.

Vaccine Considerations

In patients with PIDD, vaccines could play an important role
in preventing infections with vaccine-preventable diseases.
Even PIDD patients may generate some protective responses
[19, 20]. The decision to immunize such patients or not de-
pends on the type and severity of PIDD as well as the type of
vaccine to be administered (live or inactivated) (Table 1). In
general, inactivated vaccines are safe for PIDD patients while
immunization with live attenuated vaccines is a known hazard
to patients with serious immunodeficiencies of T cell, B cell,
and phagocytic cell origin (Table 1). In less severe PIDD, the
vaccine can induce adequate protection as in healthy individ-
uals or the efficacy may be reduced [20–22]. Of note, immu-
noglobulin replacement therapy induces passive immune pro-
tection to some vaccine-preventable infections, such as mea-
sles, mumps, rubella (MMR), and varicella. In addition, live
viral vaccines have greatly reduced efficacy while on immu-
noglobulin replacement. Therefore, vaccine administration in
patients receiving regular immunoglobulin replacement treat-
ment should be withheld until at least 3 to 11 months (depend-
ing on dose) after cessation of such treatment, if cessation and
vaccination are safe. In addition, PIDD patients who have
received hematopoietic stem cell transplantation but have in-
complete immune reconstitution or are under immunosup-
pression should not receive live attenuated vaccines. In
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general, the decision of administering live viral vaccines
should be made by clinical immunology experts [23].

In developing countries where polio is still endemic and
oral polio vaccine is essential for eradicating the disease, it is
of utmost importance that all PIDD patients and family mem-
bers should not receive live oral polio (OPV) because of the
reported prolonged excretion of the virus for months and even
years [24]. In addition, vaccine-associated paralytic polio is a
real risk for some with PIDD. These patients and family mem-
bers should receive inactivated polio vaccine (IPV) instead of
OPV. Similarly, the hazards of administering Bacillus
Calmette-Guerin (BCG) vaccine to PIDD patients have been
documented. In a series of 349 BCG, vaccinated severe com-
bined immunodeficiency (SCID) patients from 28 centers in
17 countries, 34% of SCID patients developed disseminated
BCG infection and had the worst outcome [25]. Patients with
chronic granulomatous disease vaccinated with BCG also de-
veloped local and disseminated BCG infection. Recently, vac-
cine strains of rubella virus were found to be associated with
skin granulomas in PIDD patients [26–28].

Siblings and household contacts of patients with suspected
or diagnosed PIDDs should receive all the national immuni-
zation scheduled vaccines. IPV should be substituted for OP
in families where an antibody-deficient patient exists. Yearly
influenza vaccination of family members is recommended in

order to reduce the risk of household-social transmission [20,
22, 29].

Diseases where routine vaccination has reduced incidence
can occasionally experience a resurgence in times of econom-
ic hardship with reduced attention to vaccination. Diphtheria
is currently seen in Venezuela for this reason. War and disrup-
tion of health infrastructure are other common reasons for
resurgence in vaccine-preventable diseases. In other settings,
antivaccination sentiment has led to outbreaks of diphtheria,
measles, and mumps. An additional consideration is that not
all countries provide the same level of vaccination, and there-
fore, vaccine-preventable illness can still be seen regionally.
These outbreaks represent a significant risk to patients with
PIDD.

Emerging Antimicrobial Resistance

A universal consideration for patients with PIDD is the con-
cern about antibiotic resistance, which varies dramatically
around the world. For certain high impact infections, the
emerging antibiotic resistance patterns will be discussed be-
low. Antimicrobial resistance occurs naturally, but misuse and
overuse of antimicrobials are accelerating this process. In
nearly every country, antibiotics are overused and misused

Table 1 Live attenuated vaccines efficacy, contraindications, and complications in specific PIDD diseases

PIDD diseases Vaccine efficacy Contraindications Vaccine complications

B cell (Humoral)
Severe antibody deficiencies (XLA, AR

agammaglobulinaemia and common variable
immunodeficiency)

The effectiveness of any vaccine is
uncertain if a humoral response is
required

All live vaccines* VAP and chronic virus excretion
Chronic virus excretion

B cell (Humoral)
Less severe antibody deficiencies (selective IgA

deficiency and IgG subclass deficiency)

All vaccines are likely effective but
immune response might be attenuated

OPV, BCG,
yellow fever

Unknown

T cell (cell-mediated and humoral)
Complete defects (e.g., severe combined

immunodeficiency disease, complete
DiGeorge syndrome)

All vaccines likely ineffective All live vaccines* High risk of developing a disease.
VAP and chronic virus excretion.
Severe rotavirus. Disseminated
BCG infection

T cell (cell-mediated and humoral)
Most patients with DiGeorge syndrome,

Wiskott-Aldrich syndrome and ataxia-
telangiectasia

Efficacy of any vaccine depends on degree
of immune suppression

All live vaccinesa Ataxia telangiectasia may be
predisposed to chronic rubella

Phagocytic defect
Severe congenital neutropenia, cyclic

neutropenia, chronic granulomatous disease,
Leukocyte adhesion defect

All inactivated vaccines are likely safe and
effective. Live viral vaccines likely safe
and effective

BCG and oral
Salmonella

Local or disseminated BCG
infection. Severe salmonella
infection

Innate immune defects
Mendelian susceptibility to mycobacterial

disease (IL12-INF-gamma pathway defect)

All inactivated vaccines are likely effective BCG and oral
Salmonella

Local or disseminated BCG
infection. May cause chronic
salmonella infection

Complement deficiencies May be mild reduction in antibody
responses with early complement
component deficiencies

None None

a Live attenuated vaccines include viral vaccines (OPV, MMR, varicella, yellow fever, herpes zoster, smallpox, rotavirus, and live attenuated influenza
virus) and live bacterial (BCG, Salmonella typhi, [Ty21a]) vaccines
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in people and animals leading to antibiotic resistance in every
country.

Bacterial Resistance

Key resistance patterns to common bacteria include emer-
gence of carbapenem-resistant Klebsiella pneumoniae around
the world with high frequency of resistance (due to different
mechanisms) in the Mediterranean, with Greece, Italy, and
Turkey having endemic spread of this pathogen [17].
Carbapenem-resistant strains among other genera of
Enterobacteriaceae have also been recognized. They are par-
ticularly common in Greece, but have been found widely dis-
tributed [30]. The New Delhi metallo-beta-lactamase-
mediated resistance, which is endemic in the Indian subconti-
nent but becoming increasingly spread worldwide, is a grow-
ing concern [30, 31]. As a common cause of urinary tract
infections, colistin is the only recourse when carbapenem-
resistant Enterobacteriaceae, and colistin resistance has re-
cently emerged in small outbreaks throughout the world
[32]. In these cases, the infection is essentially untreatable.
Fluoroquinolone-resistant Escherichia coli, a common cause
of urinary tract infections, now accounts for over half of the
isolates in some Asian countries [33, 34].

T he emergence of resistance to antibiotics in Gram-
positive pathogens has become a major international problem
as there are fewer, or even sometimes no effective, antimicro-
bial agents available for infections caused by these bacteria.
Methicillin-resistant Staphylococcus aureus is common in
many countries and in fact has spawned a nomenclature rec-
ognized by the general public: MRSA. Several studies have
reported resistance to the newer antimicrobial agents like li-
nezolid, vancomycin, teicoplanin, and daptomycin [35]. Thus
far, these isolates appear to be uncommon and have been
found in <1% of isolates in Brazil, China, Ireland, and Italy,
with nearly undetectable rates elsewhere. Vancomycin-
resistant Enterococcus (VRE) is growing in frequency and
can now be a cause of primary bacteremia in immunocompro-
mised individuals [36]. A key message is that antibiotic resis-
tance is increasing (generally) and travelers should be alerted
to resistance to commonly encountered organisms, and if an-
tibiotic prophylaxis is required, their prophylaxis is adjusted.

Neisseria gonorrhoeae is a specific organism for which
resistance has become especially problematic. It has progres-
sively developed resistance to virtually all antimicrobial
agents since introduction of sulfonamides in mid-1930s. The
current treatment guidelines recommend dual antimicrobial
therapy (ceftriaxone 250–500 mg × 1 plus azithromycin 1–
2 g × 1) as first-line regimen [37, 38]. Although dual therapy is
very effective, development of concomitant ceftriaxone and
azithromycin resistance is likely to emerge [39]. The risk of
untreatable N. gonorrhoeae demands better global antimicro-
bial surveillance system, clinical trials on combined therapy of

existing drugs as well as novel agents in monotherapy, and
development of a gonococcal vaccine. For PIDD patients,
guidance on barrier methods for the prevention of sexually
transmitted diseases should be a part of any pre-travel
counseling.

Mycobacterial Resistance

Mycobacteria tuberculosis (MTB) is an age-old pathogenwith
emerging resistance. Drug-resistant TB, fueled by the HIV
epidemic, is a global threat. In 2015, WHO estimated
480,000 new cases of multidrug-resistant TB (MDR-TB)
and an additional 100,000 new cases of rifampin-resistant
TB (RR-TB) who would also require MDR-TB treatment.
Treatment of MDR-TB and Mycobacterium bovis disease is
beyond the scope of this text and reader is referred to recent
WHO MDR treatment guidelines [40]. Regions of the world
with >6% MDR TB include regions of Azerbaijan,
Kazakhstan, Russia, Uzbekistan, China, Georgia, and
Eastern Europe. Extensively drug-resistant TB (XDR TB) re-
fers to MTB resistant to isoniazid, rifampin, any fluoroquino-
lone and at least one second-line drug. XDR TB has been
reported in 105 countries. On average, 10% of patients with
MDRTB haveXDRTB. As is true for all types ofMTB, XDR
TB is contagious and small outbreaks related to person-person
transmission have been reported.

Non-tuberculous mycobacteria (NTM) cause significant
systemic infections in patients with defects of the IL-12/
IFNγ/STAT1 axis as well as in GATA2 deficiency and can
cause significant pulmonary infections in PIDD patients with
bronchiectasis. Compared to TB, NTM is acquired from the
environment and not from person-to-person transmission;
therefore, acquisition of antibiotic-resistant strains is less com-
mon. However, in these individuals with PIDD, NTM disease
is often chronic and can be difficult to eradicate, and resistance
can then easily develop during therapy. Using combination of
antibiotics is essential, and consultation with those familiar
with treatment of treatment refractory NTM disease is
recommended.

Azole-Resistant Aspergillus

Aspergillus species are ubiquitous inhaled molds with world-
wide distribution that cause opportunistic infections in immu-
nocompromised patients [41]. Aspergillosis also occurs in
PIDDs associated with quantitative and/or qualitative phago-
cyte defects; it develops most frequently in chronic granulo-
matous disease (CGD) patients (prevalence, ~40%), while it is
seen less often in patients with GATA2 deficiency, CARD9
deficiency, and congenital neutropenia syndromes [42, 43].
Upon inhalation, Aspergillus species cause invasive pulmo-
nary disease in susceptible hosts with the exception of
CARD9 deficiency, where aspergillosis has a predilection
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for extrapulmonary tissues with sparing of the lungs [44].
Diagnosis is established by fungal culture and/or histopathol-
ogy showing acute-angle septate hyphae and/or detection of
galactomannan, an Aspergillus cell wall component released
during invasive infection, in serum or bronchoalveolar lavage
fluid [41]. While azole-susceptible Aspergillus fumigatus is
still the most common infecting species in PIDD patients,
the emergence of azole-resistant A. fumigatus and non-
fumigatus Aspergillus species underscores the importance of
a high index of suspicion in patients who do not respond to
front-line voriconazole treatment [45].

The advent of fungal molecular diagnostics has demon-
strated that patients with PIDDs are more prone to infections
by uncommon low-virulence Aspergillus species with in-
trinsic resistance to azole antifungal agents that do not infect
patients with iatrogenic immunosuppression. These primar-
ily include Aspergillus viridinutans, Aspergillus tanneri,
and Neosartorya udagawae, which pose major diagnostic
and therapeutic challenges due to their impaired sporulation
and propensity for contiguous and distant tissue spread, re-
spectively. In addition, acquired azole resistance in
A. fumigatus can be seen in patients on long-term exposure
to azole drugs used as treatment and/or prophylaxis [46].
Azole resistance in these strains is predominantly caused
by point mutations in the lanosterol 14α-demethylase gene
that encodes the CYP51A protein, the primary target of
azole drugs. Importantly, infection by azole-resistant
A. fumigatus strains without prior exposure of patients to
azole antifungals has recently emerged as an important
global health concern due to the widespread use of sterol
demethylase inhibitor fungicides in agriculture that results
in cross-resistance with the triazole antifungals used in clin-
ical practice [47–49]. Fungicide-driven azole-resistant en-
vironmental Aspergillus strains were first observed in
The Netherlands in 2007 and have since then been docu-
mented in other parts of Europe, South and North America,
theMiddle East, Australia, Africa, and Asia. The prevalence
of these azole-resistant Aspergillus strains among clinical
Aspergillus strains recovered from patients in 19 European
countries was reported to be 3.2%, while alarmingly in some
areas >20% of recovered strains exhibited azole resistance
[50]. The emergence of such Aspergillus environmental
strains poses serious threats to the treatment of immunosup-
pressed patients. Mortality rates as high as 88% have been
seen due to delays in diagnosis and suboptimal treatment
with azole antifungals [51]. Although no prospective data
exist for the treatment of patients with such resistant fungi,
the use of amphotericin B- and echinocandin-based regi-
mens are preferred over azoles [52]. In the absence of
azoles, the lack of alternative oral antifungal agents is par-
ticularly challenging for PIDD patients such as those with
CGD who require long-term suppressive antifungal
treatment.

Azole-Resistant Candida auris

Candida species are commensal yeast fungi that colonize the
mucosal surfaces of ~60% of healthy individuals [53]. When
perturbations in immunity and/or microbiota occur, Candida
causes opportunistic mucosal or systemic infections that de-
pend on clearly segregated immune responses for host de-
fense. Specifically, T cells of the Th17 program are critical
for mucosal and phagocytes for systemic immunity [54].
Indeed, a proportion of patients with CGD and complete
myeloperoxidase deficiency develop systemic, but not muco-
sal candidiasis [42], whereas patients with monogenic syn-
dromes of chronic mucocutaneous candidiasis due to muta-
tions in the IL-17 signaling pathway (IL17RA, IL17RC, IL17F,
ACT1) or in other genes that adversely affect Th17 differenti-
ation (RORC, STAT3, STAT1, AIRE, DOCK8, STK4, IRF8) do
not develop systemic candidiasis. The only known PIDD to
date that results in combined mucosal and systemic Candida
infection susceptibility is CARD9 deficiency. Systemic candi-
diasis in CARD9-deficient patients has a predilection for the
central nervous system, associated with brain-specific im-
paired recruitment and effector function of neutrophils
[55–57]. Diagnosis of Candida infections is established by
culture.

Azole-susceptible Candida albicans is still the most com-
mon infecting species in PIDD patients; however, emergence
of azole-resistantC. albicans is not uncommon during chronic
azole use, making long-term therapy challenging due to lack
of alternative oral antifungal treatment options [58]. Beyond
C. albicans, non-albicans Candida species can rarely infect
PIDD patients, some of which have intrinsic resistance to
azole antifungals, including Candida glabrata and Candida
krusei [59].

Most recently, Candida auris has emerged as a global
public health concern due to its resistance to antifungal
drugs, high virulence potential, propensity for health care-
associated horizontal transmission and outbreaks in health
care settings, persistence in the human skin and hospital
environment, inherent resilience to antiseptics, and mis-
identification by routine biochemical methods as other
yeasts (most often Candida haemulonii, but also Candida
famata , Rhodotorula glut inis , or Saccharomyces
cerevisiae). C. auris was first recovered from the ear canal
of a patient in Japan in 2009 and has since then been report-
ed to cause life-threatening infections and hospital out-
breaks in Europe, Asia, Africa, the Middle East, and South
and North America [60–63]. Most of the reported strains of
C. auris have intrinsic resistance to fluconazole and other
triazole antifungal agents, while a significant proportion of
strains has elevated minimum inhibitory concentrations to
amphotericin B and echinocandins, with some strains re-
portedly resistant to all three classes of azoles, polyenes,
and echinocandins [64]. Avoidance of azole antifungals is

656 J Clin Immunol (2017) 37:650–692



important in C. auris-infected patients, and echinocandin-
or amphotericin B-based regimens are preferred, guided by
strain-specific in vitro susceptibility patterns.

Section 2: Specific Infections of Concern in PIDD

Vector-Borne

This section on vector-borne infections is a major focus of
this review because the infections are often more severe in
immunocompromised individuals and because there are
mitigation strategies that should be considered even in
the absence of defined medical treatments for infection.
Prevention of mosquito bites depends somewhat on the
endemic species but there are generalizations. The use of
a mosquito repellant such as DEET, oil of lemon eucalyp-
tus, IR3535, or picaridin is as important as using long
sleeves and long pants while in an affected area. DEET
and picaridin are safe in pregnancy, and some data sup-
port their greater efficacy [65]. Air conditioning and fans
tend to keep mosquitoes away but netting at night is es-
sential in mosquito-prone areas. Light-colored clothing is
less attractive to mosquitoes than dark clothing, and
scented detergents and use of dryer sheets tend to attract
mosquitoes, hence should be avoided. Aedes species pre-
fer to bite indoors and thrive in urban areas with small
puddles of water. They bite most frequently around dawn
and dusk. Anopheles species have very similar behaviors.
Culex mosquitoes, in contrast, bite primarily at night. Tick
and fly bite prevention is focused on physical and chem-
ical prevention. For ticks, physical inspection for biting
ticks should also be incorporated.

Arbovirus: Encephalitis Diseases

Arthropod-borne viruses (arboviruses) are transmitted to
humans through the bites of infected insects: mosquitoes,
ticks, sand flies, or midges. Some arboviruses can be
transmitted through blood transfusion, organ transplanta-
tion, perinatal transmission, consumption of unpasteurized
dairy products, or breastfeeding. There are >100 arbovi-
ruses causing human disease. Most arboviral infections
are asymptomatic. Infectious manifestations range from
mild febrile illness to severe encephalitis. Arboviral infec-
tions are often categorized into two primary groups:
neuroinvasive disease and non-neuroinvasive disease.
Tables 2 and 3 list the encephalitigenic viruses and the
febrile/hemorrhagic disease causing viruses. In this sec-
tion, we will highlight West Nile Virus, the most common
of the encephalitogenic arboviruses.

West Nile Virus

West Nile virus is a single-stranded mosquito-borne RNA
virus of the family Flaviviridae. The natural transmission
cycle of the virus occurs in Culex mosquitoes and birds.
Humans and horses are dead-end hosts for the virus. The
most common mode of transmission to humans is through
the bite of infected mosquitoes. Other less common
modes of transmission include blood transfusions, organ
transplantations, occupational exposure in laboratories
and mother-to-child transmission during pregnancy, child-
birth, and breastfeeding. West Nile virus has been diag-
nosed in >2000 people in the USA with slightly more than
half having neuroinvasive disease. Since 1999, >40,000
people in the USA have been infected. It is also common
in Africa, Europe, and Asia [66].

Infection with West Nile Virus is asymptomatic in most
individuals [67, 68]. The incubation period lasts for 2 to
6 days. However, it can be significantly longer in immuno-
compromised hosts. Clinical manifestations following infec-
tion develop in 20–40% of those infected and include fever,
headache, myalgia, arthralgia, vomiting, and rash. Severe
neuroinvasive disease leading to meningitis, encephalitis,
and flaccid paralysis develops in less than 1% of infected
individuals. The overall case fatality is approximately 10%
which is a disproportionately high mortality in patients with
encephalitis and myelitis.

Diagnosis of West Nile virus rests on demonstration of
specific antibody responses especially specific IgM antibodies
in the serum or CSF of infected individuals by enzyme immu-
noassays. Plaque reduction neutralization tests can differenti-
ate cross-reactive antibodies. Detection of virus in CSF, blood,
or tissue specimens by culture or PCR is particularly useful in
immunosuppressed individuals who may have impaired sero-
logical responses.

West Nile virus has been reported in the context of both
primary and secondary immunodeficiency. Severe neurological
manifestations have been reported in HIV-positive individuals,
individuals receiving immunosuppressive therapy including ri-
tuximab, and individuals with PIDD. Infection with WNV has
been reported in individuals with common variable immunode-
ficiency, idiopathic CD4 lymphopenia, GATA2 deficiency, and
a case of probable Good’s syndrome [69–71]. Individuals with
antibody defects, neutropenias, and impaired T cell responses
are potentially at an increased risk of severe manifestations of
WNV disease including severe neurological involvement.

Arbovirus: Fever and Hemorrhagic Diseases

This section highlights the four important non-neuroinvasive
arboviruses based on current geographical distribution:
Dengue, Yellow fever, Zika, and Chikungunya (Table 3).
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Approximately 100 countries/territories have reported local
transmission for both chikungunya and dengue viruses [72].

Dengue

Dengue is due to infection with one of four dengue virus
serotypes, transmitted by a mosquito (typically Aedes
aegypti). This febrile illness affects all ages with symp-
toms appearing 3–14 days after the infective bite.
Symptoms range from mild to high fever, with severe
headache, musculoskeletal pain, and rash. Severe dengue
(also known as dengue hemorrhagic fever) occurs in 0.5–
5% of cases and is characterized by fever, abdominal
pain, persistent vomiting, bleeding, and breathing difficul-
ty and is a potentially lethal complication [73].
Paradoxically, the main risk factor for dengue hemorrhag-
ic fever is pre-existing antibodies. Early clinical diagnosis
and comprehensive management by experienced clini-
cians increase survival.

Dengue is ubiquitous throughout the tropics with the
highest infection rates in the Americas and Asia.
Dengue is now endemic in 100 countries, causing up

to 50 million infections a year and 22,000 deaths, main-
ly among children. Over half of the world’s population
inhabits areas at risk for dengue infection [74]. The
presence of A. aegypti in over 125 countries potentially
puts almost the whole world at risk of becoming infect-
ed with this virus. PCR is widely used as serologic
methods to diagnose dengue. Immunity to one serotype
does not confer protection against the other three sero-
types, and heterologous antibody may be a risk factor
for hemorrhagic dengue [73].

The natural history of Dengue has been studied in HIV
patients where HIV did not appear to increase severity.
There have been no reports of patients with PIDD having
dengue; however, dengue infection after solid transplanta-
tion has been reported [75–78] with some patients having
severe complications suggesting that T cell compromise in
PIDD could be a risk for severe disease. There are no
antiviral medications utilized for dengue virus. Care of
patients with hemorrhagic disease requires meticulous ap-
proach to fluids and coagulation status. One dengue vac-
cine has been registered in several countries (CYD-TDV)
for individuals from 9 to 45 (or 60) years old. It is a live

Table 2 Encephalitogenic arboviruses

Virus Geographic distribution Clinical
manifestations

Incubation
period

Description in PIDD patients

St. Louis encephalitis virus Canada, Caribbean, Mexico,
Central and South America

FA; NID 4–14 days Yes (HIV)

West Nile virus Canada, Europe, Africa, Asia FA; NID 2–14 days Yes (CD4 lymphopenia, Common
Variable Immunodeficiency,
patients with lymphoma
receiving Rituximab)

LaCrosse virus Canada FA; NID 5–15 days Not described

Eastern equine encephalitis
virus

Canada, Central and South America FA; NID 4–10 days Not described

Western equine encephalitis
virus

Central and South America FA; NID 2–10 days Not described

Venezuelan equine encephalitis
virus

Mexico, Central and South America FA; NID 1–4 days Not described

Japanese encephalitis virus Asia FA; NID 5–15 days Not described

Rift valley fever Kenya. Egypt Western Africa, Arabian
Peninsula and South Africa

FA; NID; HF 2–6 days Yes (HIV)

Powassan virus Canada, Russia FA; NID; HF 4–30 days Not described

Tick borne encephalitis Europe, Northern Asia FA; NID 4–28 days Not described

Kyasanur Forest Disease India FA; NID; HF 3–8 days Not described

Louping ill virus UK and Ireland, but also Norway,
Denmark
and Spain

FA; NID 6–18 days Not described

Thogotoviruses Europe, Nigeria, Kenya, Uganda, Ethiopia,
Cameroon, Central Africa, Egypt, Iran

FA; NID 4–5 days Not described

California encephalitis
serocomplex viruses

North America, Africa, Asia, the Middle
East, and Australia

FA; NID 3–7 days Not described

Chandipurah virus India FA; NID 2–6 days Not described

FA febrile illness, NID neuroinvasive disease, HF hemorrhagic fever
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attenuated recombinant tetravalent vaccine with backbone
of the attenuated yellow fever 17D virus genome with the
prM and E genes that encode the proteins from the four
wild-type dengue viruses. The WHO has suggested its use
in regions where seroprevalence of Dengue virus of any
serotype is 70% or greater, but has not recommended it to
HIV-infected, immunocompromised individuals, nor preg-
nant or lactating women [79].

Yellow Fever

Most people infected with the yellow fever virus have no
illness. Symptoms of yellow fever include sudden onset of
fever, chills, headache, musculoskeletal pain, nausea,
vomiting, fatigue, and weakness. The incubation period is
typically 3–6 days, and symptoms may appear after return
from travel. Most people improve after the initial presentation,
but 15% of cases progress to develop a more severe form of
the disease, usually after a day of presumed recovery. The
severe form is characterized by high fever, jaundice, bleeding,
and eventually shock and failure of multiple organs [80].

Yellow fever virus is an RNA virus that belongs to the
genus Flavivirus. It is transmitted frommosquitoes after biting
an infected primate. It is widely distributed in the equatorial
tropics [80]. Aedes species of mosquitoes are primarily re-
sponsible for transmission. Large epidemics of yellow fever
occur when the infection enters heavily populated areas with a
high mosquito density and where most people have little or no
immunity. West Africa has undergone a large-scale

vaccination campaign with impressive results and yellow fe-
ver is now uncommon in West Africa [81].

Serologic testing for yellow fever is the diagnostic stan-
dard. PCR can be performed on tissue samples. There are no
published studies of yellow fever in immunocompromised
people, but the elderly, very young, people with autoimmune
disease, or who are post-thymectomy are at risk from the
attenuated vaccine strain. Thus, it seems likely that any im-
munodeficiency would be associated with more severe wild-
type disease. Currently, no specific antiviral drug for yellow
fever exists. Treatment of dehydration, liver and kidney fail-
ure, and fever improves outcomes. The yellow fever vaccine is
highly effective; however, immunodeficient patients should
not receive it.

Zika Virus

Infection with Zika virus is often asymptomatic. It represents a
mild infection for those who have any symptoms [82]. The
Zika virus has been detected in urine, semen, and saliva of
infected individuals, and transmission from transfusion and
sexual relations has been reported. It is also detectable in
breast milk, but breastfeeding-associated transmission has
not been reported so far [83–85]. Contact with highly infec-
tious body fluids from patients with severe Zika infection has
also been suggested as a possible mode of transmission [86].
Of tremendous importance is the presence of prolonged shed-
ding of Zika virus in a congenitally infected newborn [87].
The main public health risk of Zika virus is microcephaly in
newborns from infected mothers [88]. Zika virus is capable of

Table 3 Febrile and hemorrhagic arboviruses

Disease Geographic distribution Clinical
Manifestations

Vector Incubation
period
(days)

Description in
PIDD
patients

Dengue Fever Worldwide—tropic regions Fever, hemorrhagic fever Mosquito 3–10 Does not seem more
severe in medically
immunocompromised

Yellow Fever South and Central America
and Africa

Hemorrhagic fever Mosquito 3–16 Limited data

Zika Africa, Asia, South and Central America.
Spreading into North America

Fever, also causes
microcephaly in fetus

Mosquito 2–14 Does not seem more severe
in HIV

Colorado tick fever North America Fever Tick 1–14 No data

Chikungunya fever Worldwide in tropical areas Feverencephalitis (rare) Mosquito 2–12 May be atypical without
arthritis, more severe

Heartland Virus Missouri and Tennessee Fever with
thrombocytopenia

Tick 3–14 No data

Crimean Congo
hemorrhagic fever

Africa, Balkans, Middle East, Asia Fever, rash, myalgias Tick 1–6 Fatality in organ transplant
patient

Omsk hemorrhagic
fever

Russia Fever, myalgias, can be
biphasic

Tick 3–8 No data

Sindbis virus Eastern Europe, Finland, Sweden Fever, rash, arthralgias Mosquito 2–6 No data

Tahyna virus Central Europe, China Fever, myalgias Mosquito 2–6 No data
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infecting human neural progenitor cells in vitro. Infection re-
sults in disruption of cell cycle, increased cell death, and at-
tenuated neuron growth [89]. Zika is not thought to be a major
risk for people with PIDD (based on the experience with HIV
patients, but our recognition of Zika is very recent. There is no
known specific treatment for Zika; however, there is an im-
portant effort to develop a vaccine.

Chikungunya Virus

Chikungunya fever is an acute febrile illness caused by the
alphavirus, Chikungunya virus. The incubation period is usu-
ally 3–7 days after the bite of an infected Aedes mosquito.
There is abrupt onset of high fever, and the fevers can be
biphasic [90, 91]. Severe polyarthraligias develop after the
onset of fever. The joint pains can affect any joint, but the
pattern is usually symmetric and a true acute arthritis is not
uncommon. The proportion of infected people with rash has
varied across studies. When seen, the rash appears after the
fever as a truncal maculopapular type of rash [92]. Cervical
adenopathy is another common feature of infection. Death is
uncommon in Chikungunya, but serious complications such
as myocarditis have been seen. Over half of the patients report
continued joint symptoms 1 year after acute illness and 12%
have long-term joint symptoms [93]. Chikungunya originated
in Central/East Africa. In forests, the virus circulates in Aedes
mosquitoes and non-human primates. In urban centers, the
virus circulates between humans and mosquitoes similar to
the pattern of dengue. There have been periodic urban out-
breaks in Asia and Africa since 1960 with an acceleration in
spread since 2004 [94]. An important consideration is the
periodic outbreaks with high attack rates in naïve populations.
Areas at risk currently are East Africa, Central Africa, La
Reunion, India, and Southeast Asia. Diagnostic testing utilizes
PCR or serology. The threat to immunodeficient patients is not
entirely clear. There are a few provocative cases where the
immunocompromised appears to have been associated with
fewer joint symptoms, but there were two patients, medically
immune compromised, who had very severe disease [95, 96].
This suggests that the presentation may be atypical and the
course may be severe in immunodeficient people. Treatment
is supportive, although chloroquine, acyclovir, ribavirin, inter-
feron-ɑ, and steroids have limited preclinical data to support
clinical trials.

Insect-Borne Protozoa

Babesia

Babesia microti (the main species in the USA) infection can
be asymptomatic, but many people develop fever, chills, head-
ache, myalgias, anorexia, nausea, or fatigue [97]. Babesiosis
often causes hemolytic anemia. B. microti is spread by Ixodes

scapularis ticks in the USA and Babesia divergens (the main
species in Europe) is spread by Ixodes ricinus. Symptoms
begin 1–3 weeks after a bite from an infected tick with
B. divergens having a higher mortality rate and greater symp-
tomatology compared to B. microti. The main geographic
areas involved are the coastal Eastern USA and cattle breeding
areas throughout Europe. The diagnosis is usually by inspec-
tion of a blood smear or through serology. A PCR test has just
been developed. Immunodeficiency, asplenia, and older age
are recognized risk factors for severe disease and even death
[98–100]. Thus, congenital asplenia would be considered a
major risk for severe disease. A combination of atovaquone
and azithromycin is generally used for therapy, although
clindamycin and quinine have been used with success.
Patients with severe illness have been treated with exchange
transfusions.

Malaria

Five different types of Plasmodium (Plasmodium falciparum,
Plasmodium vivax, Plasmodium ovale, Plasmodium
malariae, and Plasmodium knowelsi) infect humans. Malaria
is transmitted primarily by female Anopheles mosquitoes.
Symptoms vary depending on the type of Plasmodium in-
volved but usually include high fever, chills, and headache.
In some cases, the illness can progress to severe anemia, kid-
ney and respiratory failure, and death. The incubation period
typically ranges from 9 to 14 days for P. falciparum, 12 to
18 days for P. vivax and P. ovale, and 18 to 40 days for
P. malariae. In P. vivax and P. ovale infections, relapses can
occur months or even years without symptoms. P. vivax and
P. ovale have dormant liver stage parasites that must be spe-
cifically eradicated through medical therapy.

Malaria has been a global health concern throughout histo-
ry and is a leading cause of death and disease across many
tropical and subtropical countries. Over the last 15 years, new
control measures have reduced malaria by over half [101].
The Democratic Republic of the Congo and Nigeria account
for over 40% of the estimated total of malaria deaths globally.
High rates of malaria are seen in India as well. Nevertheless,
malaria exists inmost tropical regions of the Americas, Africa,
and Asia [101].

The diagnosis of malaria depends on the demonstration of
parasites in the blood, usually by microscopy. The threat to
immunodeficient patients is not entirely clear, but patients
with HIV seem to have no additional burden of disease other
than an increase in placental malaria, suggesting that T cells
are not central to the defense of malaria [102, 103]. Asplenia is
a known risk factor for severe malaria [104]. Antibodies ap-
pear to be both protective and pathologic [105, 106].
Treatment and prophylaxis depend on the region of the world
because the parasites and resistance are highly variable and
highly dynamic. Therefore, it is best to consult an infectious
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disease specialist familiar with the prophylaxis before travel
and for treatment of acute cases.

Leishmania

Leishmaniasis is due to infection with an obligate macrophage
intracellular protozoa of the genus Leishmania. It causes a
spectrum of disease ranging from a cutaneous ulcer to muco-
sal disease and the most severe form, visceral leishmaniasis
(VL). The liver, spleen, and bone marrow are major sites of
parasite growth and disease pathology in VL [107]. Purely
cutaneous leishmaniasis is most often caused by Leishmania
major, Leishmania. tropica, Leishmania aethiopica,
Leishmania infantum, and parasites belonging to the
Leishmania mexicana complex, the Leishmania braziliensis
complex, and the Leishmania guyanensis complex.
Mucocutaneous disease is most often due to L. braziliensis
complex, Leishmania panamensis, Leishmania amazonensis,
and rarely by Leishmania guyanensis. VL is most often
caused by Leishmania donovani and Leishmania infantum (-
previously L. chagasi) [108]. Cutaneous leishmaniasis can
have many variations but is most often an ulcer that develops
after an indolent papule. The incubation period ranges from
weeks to months. The ulcer usually heals within months to
years, and there can be mild adenopathy. Mucocutaneous
leishmaniasis follows a cutaneous ulcer and is only caused
by L. braziliensis parasites. Oral and respiratory mucosa are
most often involved with granulomatous lesions that may be
extremely destructive. VL is associated with fever, lymphade-
nopathy, hepatosplenomegaly, wasting, hypoalbuminemia,
and pancytopenia. This picture evolves over months to years.
There can be secondary immune deficiency due to the
pancytopenia.

The epidemiology has changed dramatically and has been
impacted by climate change [109]. The sand flies that spread
the parasite are affected by temperature and rainfall. In most
endemic regions, Leishmania has a patchy distribution due to
micro-ecologic factors. Poverty has been demonstrated to be a
major risk factor for leishmaniasis [110]. It has been estimated
that up to half a million new cases of VL occur every year, but
the majority are in resource-poor countries such as
Bangladesh, Nepal, India, Sudan, Ethiopia, and Brazil.
Emergence of resistance to antimony-based drugs has also
led to a major resurgence of disease. The primary reservoir
for Leishmania is forest rodents, but dogs are increasingly
important. The growing spread of Leishmania is due to a
combination of factors, and now 88 countries have reported
cases.

Immunodeficient patients are more susceptible to infection,
and relapse occurs more frequently [111]. The risk of devel-
oping VL is estimated to be between 100 and 2300 times
higher in HIV-infected than in non-HIV-infected individuals
[112], and these patients have higher rates of treatment failure

with the illness often taking a prolonged chronic course and
higher mortality rates [113]. A similar picture has been seen in
patients with VL-infected post-kidney transplantation [114].
Dendritic cells, T cells, and the generation of reactive oxygen
species have been shown to be essential for parasite control
[115–117]. PIDD with impaired IL-12 production have been
associated with severe disease [118]. A patient with CD40L
deficiency, associated with poor IL-12 production, had chron-
ic Leishmania and died in spite of aggressive treatment. VL
has been reported in CGD patients [119]. Six CGD patients
were infected by Leishmania, and they developed
hemophagocytic syndrome with a poor outcome for one of
them [120].

The diagnosis of leishmaniasis is usually by visual inspec-
tion for parasites. Immunofluorescence microscopy, direct ag-
glutination, skin test, and PCR have been used. Treatment is
long-term and difficult. Emerging resistance to first-line treat-
ment is increasingly problematic. Pentavalent antimonials are
the mainstay of treatment in most countries, but liposomal
amphotericin is widely used where resistance occurs. Newer
drugs with more favorable side effect profiles have been used
in certain geographic settings: miltefosine, paromycin, and
sitamaquine.

Tick or Louse-Borne Bacteria/Rickettsiae

Rickettsiae are small Gram-negative bacteria. They are obli-
gate intracellular parasites, and the primary target in humans
appears to be endothelial cells with subsequent thrombosis
and clinical presentation of vasculitis [121]. The
Rickettsiaceae family, originally defined by non-specific phe-
notypic characteristics, was reclassified into different strains
and subspecies based on gene sequencing and genetic phylog-
eny (Table 4). The clinical presentation of rickettsial disease
can vary, but the classic triad of fever, rash, and headache still
provides major clues for the diagnosis [122–124]. However,
rash is not an obligatory sign, and the incidence of rash can
range between 100% for Rickettsia conorii infection, ~90%
for Rickettsia rickettsii, 30% for Rickettsia africae, and less
than 10% in the case of Anaplasma phagocytophilum
infection. Therefore, fever in patients with exposure to a po-
tential vector should raise a concern for a rickettsial disease,
especially if there is also evidence of rash, inoculation eschar,
or localized lymphadenopathy. Additional supporting labora-
tory findings can include neutropenia, thrombocytopenia, and
increase in liver transaminases.

The geographic distributions of rickettsioses and
ehrlichioses are mostly dependent on their vector distribution
[125]. As such, louse-borne and flea-borne are worldwide,
reflecting the worldwide distribution of lice and fleas, with a
tendency to parasite poor people in cold places and, charac-
teristically, during wars. Ticks, on the other hand, depend on
their environment and most do not have a worldwide
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distribution. With the exception of the dog tick, vector for
R. conorii in Asia and North Africa, R. rickettsii in the USA,
Rickettsia massiiae and Erhlichia canisworldwide, most other
tick-borne diseases are restricted to areas of the world corre-
lating with the distribution of their vector [126]. For that rea-
son, it should be anticipated that climate and environmental
changes will affect vector distribution and its reservoir host
and, hence, the geography and epidemiology of tick-borne
diseases [10, 127, 128]. Diagnosis presents a challenge, as it
is extremely difficult to grow these organisms in culture.
Immunohistochemistry and PCR can be helpful.

The severity of rickettsial disease varies with the causative
agent and the host. R. rickettsii, Rickettsia prowazekii, and
Orienta tsutsugamushi are considered most pathogenic. As
for host factors, although severe and fatal cases have been
described in healthy immunocompetent hosts [129, 130],
there is evidence to suggest that children under the age of 10
[130] and immunocompromised hosts either secondary to he-
matologic malignancies, immunosuppressant treatment for or-
gan transplantation, or HIV infection are at a greater risk to
develop more severe disease with higher case fatality rates
[131, 132]. All Rickettsiaceae are intracellular pathogens,
and one could expect an increased risk for severe disease in
PIDDs with abnormal T cell function. Five to 7 days of doxy-
cycline is the preferred treatment for non-pregnant adults and
children. Treatment should not be delayed while awaiting di-
agnostic testing [133] and can be given to children despite a
minimal risk for dental staining. Alternative treatments in-
clude azithromycin for mild disease [134] and chlorampheni-
col for pregnant women.

A. phagocytophilum and Ehrlichia chaffeensis

Anaplasma is an intracellular bacterium that infects wild and
domestic mammals, including man. A. phagocytophilum was
formerly known as human granulocytotropic ehrlighiosis but
is now known as human granulocytotropic anaplasmosis
[135]. E. chaffeensis infects monocytes and causes human
monocytic ehrlichiosis [136]. Anaplasma and Ehrlichia have
historically cycled within non-human enzootic hosts, and man
has become infected through increasing interactions with the
environment. Ehrlichia and Anaplasma are transmitted by
Ixodes species of ticks, and their ranges include the Eastern
USA, South Central USA, and scattered regions of Europe, as
far north as Sweden. These infections have not been seen in
humans in the Southern hemisphere, but there are reports of
organisms being identified [137]. A less common mode of
transmission is through transfusions.

The symptoms of Ehrlichia and Anaplasma infections are
similar [136]. Abrupt onset of an influenza-like illness occurs
about 12 days after a tick bite. Ehrlichia can cause a mild rash
(30% of adults and 60% of children), but rash is uncommon in
Anaplasma infections. Highly suggestive laboratory features

are leukopenia and thrombocytopenia. Mortality in the gener-
al populations appears to be <5%, but ICU admission is not
uncommon. Hemophagocytosis has been described with
Anaplasma [138] and Ehrlichia [139]. Both infections are
more severe in any setting of immune compromised, includ-
ing asplenia [129, 135]. The diagnosis is typically made by
PCR, and doxycycline is the recommended treatment.
Intracellular inclusions can be seen on CBC smears (more
often in Anaplasma than Ehrlichia). An uncommon but well
described facet of these infections is that the tick vector can
also transmit Borrelia burgdorferi and Babesia microti, and
simultaneous infection with multiple organisms can occur.

Coxiella burnetii (Q Fever)

C. burnetii is a highly pleomorphic Gram-negative
coccobacillus and the causative agent of Q fever. Q fever is
a zoonosis, and the most common reservoirs are cattle, sheep,
and goats but many other animals can be infected by
C. burnetii [140, 141]. When infected, these domestic animals
can shed the organism in urine, feces, milk, and especially
birth products. The pathogen survives within the
phagolysosome of host cells, and a spore stage has been de-
scribed. This spore stage explains the ability of C. burnetii to
survive in unfavorable environmental conditions, and it can be
an environmental risk for months to years after shedding from
an infected animal. Q fever is considered an occupational
disease affecting people with direct contact with infected an-
imals; however, indirect contact through exposure to contam-
inated animal products has also been described to cause dis-
ease outbreaks.

Humans are infected by inhalation of contaminated aero-
sols. Following an average incubation period of 20 days, in-
fected patients can present with severe headache, fever, chills,
fatigue, and myalgia. Other signs and symptoms depend on
the organs involved. In contrast to rickettsial diseases de-
scribed above, rash rarely occurs in the early stages of the
disease. C. burnetii can cause a range of clinical symptoms.
A self-limited febrile illness is probably the most common
form of Q fever. Pneumonia, either atypical or severe, is also
common and can be a part of acute Q fever syndrome. In
contrast, a variety of manifestations can be recognized in
chronic Q fever, including endocarditis, endovascular infec-
tion, osteomyelitis, hepatitis, interstitial pulmonary fibrosis,
prolonged fever, and purpuric vasculitic rash.

Q fever diagnosis is based on serologic testing with indirect
immunofluorescence being the best for differentiating be-
tween acute and chronic Q fever (high antiphase I antigen
titer). The treatment of choice for acute Q fever is doxycy-
cline, with co-trimoxazole, chloramphenicol, or rifampin be-
ing an accepted alternative. There is no agreement on the
treatment for Q fever endocarditis, and a combination of doxy-
cycline with either fluoroquinolone or hydroxychloroquine is
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recommended. There is also controversy regarding the dura-
tion of treatment, ranging from 2 years to indefinite treatment.

Old evidence suggests that Q fever is more common in
immunocompromised patients. A French study showed
higher incidence of antibodies to C. burnetii in HIV positive
compared to HIV-negative patients (10.4 vs 4.1%). In addi-
tion, 5 out of 68 hospitalized patients were HIV positive

(7.3%), suggesting a more frequent symptomatic disease
[142]. A smaller similar study performed in Central Africa
failed to show increased incidence of seropositivity in HIV-
positive patients [143]. Two case reports describe severe dis-
ease in immunocompromised patients. The first was a case of
fatal Q fever disease in an 11-year-old male with CGD [144].
The patient was treated with broad spectrum antibiotics, but

Table 4 Rickettsia

Group Pathogen Vector Disease Geographical Distribution

Rickettsiae Spotted
Fever
Group

R. rickettsii Tick-borne Rocky mountain spotted fever North, Central and South America

R. conorii Tick-borne Astrakhan fever, Mediterranean
spotted fever, Indian tick typhus,
Israeli tick typhus

Europe, Asia, North Africa,
Sub-Saharan Africa

R. japonica Tick-borne Japanese spotted fever Asia (Japan and South Korea)

R. sibirica Tick-borne LAR—Lymphangitis Associated
Rickettsiosis, Siberian tick typhus

Europe, Sub-Saharan Africa,
Asia (Russia, China and Mongolia)

R. australis Tick-borne Queensland tick typhus Australia

R. slovaca Tick-borne SENLAT = Scalp Eschar and Neck
Lymphadenopathy

Europe, Asia, North-Africa

R. africae Tick-borne African tick bite fever Sub-Saharan Africa

R. honei Tick-borne Flinders Island spotted fever, spotted
fever of Australia

Asia, Australia, Pacific

R. aeschlimanii Tick-borne Spotted fever Sub-Saharan Africa, Europe, North-Africa

R. helvetica Tick-borne Asia (Laos, Thailand)

R. parkeri Tick-borne Southeastern US, North and Central America

R. heilongjianghensis Tick-borne Far-Eastern spotted fever Asia (Russia, China, South Korea and Japan)

R. raoultii Tick-borne SENLAT Europe, Asia

R. massiliae Tick-borne Spotted fever, no confirmed human
case in the USA, case reports in
other countries

North and Central America, Europe, Asia,
North Africa

R. amblyommii Tick-Borne Questionable pathogenicity North, Central and South America

R. philipii strain
364D

Tick-borne North and Central America

R. felis Flea-borne

R. akari Mite-borne Rickettsialpox North America and Europe

Typhus
group

R. typhi Flea-borne

R. prowazekii Louse-borne

Scrub
typhus
group

O. tsutsugamusgi Mite-borne Asia, Chile

Anaplasma A. phagocytophilum Tick-Borne Human granulocyte anaplasmosis North America and Europe with geographic
variation of severity according to strain

Ehrlichia E. chaffeensis Tick-borne Human monocyte ehrlichiosis North, Central and South America, Asia,
Europa and Central Africa

E. ewingii Tick-borne Canine granulocyte ehrlichiosis South central and Southeastern USA. Mostly
in immunocompromised.

E. canis Tick-borne

Neoehrlichia N. mikurensis Tick-borne

Neorickettsia
senntsu

Raw fish

Wolbachia Helminths Lymphatic filariasis
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without coverage for Q fever. The second case was a 53-year-
old asplenic male who presented with fever, jaundice, and
encephalopathy and was diagnosed with acute Q fever
[145]. The patient was successfully treated, but the two case
reports could suggest susceptibility in cases of phagocytic
disorders.

Bartonella

The Bartonellaceae are fastidious, facultative intracellular
Gram-negative bacilli (Table 5). Most species infect primarily
non-human animals, and in most cases, human are considered
incidental hosts. The documented common human pathogens
include Bartonella bacilliformis, Bartonella henselae, and
Bartonella quintana, and it is believed that humans are the
primary mammalian reservoir of B. quintana. Infection occurs
through inoculation of Bartonella-infected arthropod feces in-
to breaks in the skin. The epidemiology of Bartonella infec-
tion in humans follows the distribution of the vector. As such,
infection with B. bacilliformis follows the distribution of the
sand fly vector (Lutzomya) and is confined to the Andes
Mountain in Peru, Ecuador, and Colombia at heights of be-
tween 500 and 3200 m. The human body louse Pediculus
humanus is the vector of B. quintana, which explains the
global distribution of this pathogen and worldwide outbreaks
of Trench Fever, mostly in conditions of poor sanitation and
upon exposure to body lice. Trench Fever was responsible for
over a million infections during World War I. Fever, either
abrupt or indolent in onset, with a maculopapular rash, con-
junctivitis, headache, myalgias (most often affecting legs), and
splenomegaly was described. Urban B. quintana infections
occur most often among homeless and have a distinct clinical
picture with fever as the most common manifestation.
Endocarditis occurs in many [146]. Bartonella henselae is
globally endemic, and domestic cats are a major reservoir.
The major arthropod vector of B. henselae is the cat flea,
which is responsible for cat-to-cat transmission. Human infec-
tion, called Cat Scratch Disease, is assumed to involve inocu-
lation of Bartonella-infected flea feces into the skin during a
cat scratch. B. henselae causes primarily adenopathy and neu-
rologic symptoms [147]. B. bacilliformis causes a condition
with two phases: the acute phase with fever, anemia, and tran-
sient immunosuppression followed by nodular dermal erup-
tion [148]. Recently appreciated are the ongoing systemic fea-
tures during the eruptive phase such as arthralgias,
adenopathy, and anorexia [149].

Diagnosis of Bartonella-associated diseases can be
achieved by direct examination of clinical material, bacterio-
logic culture methods, serologic and immunocytochemical
studies, PCR-based assay, or combination of these methods.

Bartonella infection can present differently in immuno-
compromised hosts [150]. In addition to higher prevalence
of Bartonella infection in HIV patients [151], both

B. quintana and B. henselae can induce neovascular prolifer-
ation which might involve the skin, lymph nodes, and a vari-
ety of internal organs including the liver, spleen, bone, brain,
lung, bowels, etc. These neovascular lesions, known as bacil-
lary angiomatosis/peliosis (BA/BP), were initially described
in HIV-infected patients with advanced disease and was later
described in other immunocompromised hosts secondary to
immunosuppressant treatment for solid organ transplantation
or hematologic malignancy [152–155]. Cutaneous BA lesions
can vary in presentation and can be subcutaneous, dermal
nodules, single or multiple papule that can be flesh colored,
red, or purple. Lesions may ulcerate and bleed. They can
change in number and size (millimeters to centimeters; few
to hundreds) and can involve mucosal surfaces or deeper soft
tissues. Similar variation can be seen with visceral involve-
ment. Histologically, lesions consist of lobular proliferation of
small blood vessels and neutrophilic predominant cell infiltra-
tion. The term bacilliary peliosis is used to describe blood-
filled cystic spaces mostly involving the liver, spleen, and
lymph node. Pathogenic bacteria can be isolated from vascular
lesions.While both pathogens were associated with cutaneous
lesions, onlyB. henselaewas associated with visceral BP [156].

Based on HIV literature, it is reasonable to expect an un-
usual presentation of Bartonella infection especially in PIDDs
involving T cell dysfunction. Bartonella infection was de-
scribed as a cause for hepatitis in a single CD40L deficiency
patient [157]. In addition, since cases of granulomatous dis-
ease due to Bartonella infection [158–160] have been de-
scribed, it should be considered in the differential diagnosis
of PIDD with granulomatous inflammation.

Borrelia spp.

The genus Borrelia belongs to the Spirochaetaceae family. It
includes B. burgdorferi which causes Lyme disease and spe-
cies that cause relapsing fever. The latter are further divided
into tick-borne species and louse-borne species. Louse-borne
relapsing fever (LBRF) is caused only by Borrelia recurrentis
and is spread by human body louse. The disease was epidemic
in the early twentieth century, and it is estimated that more
than 50,000 died of LBRF during World War II. With sanita-
tion improvement LBRF is now found only in the Horn of
Africa and among homeless people in Europe. More recently,
cases of LBRF in refugees and migrants were described [161,
162]. Tick-borne relapsing fever (TBRF) is caused by a group
of pathogens which are maintained by and survive in soft-
ticks (Orinthodoros genus). Each TBRF Borrelia species de-
pends on one specific species of soft-body tick. Except for
Australia and Antarctica, TBRF species can be found in all
continents. The animal reservoir includes small animals and
rodents. Since the spirochetes persist in the tick salivary gland,
disease transmission occurs when humans intrude the tick’s
environment. Tick bites are painless, and history of a tick bite
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is often missing. Therefore, a history of potential exposure can
be valuable.

The major clinical symptom is relapsing fever. After a me-
dian incubation period of 7 days, patients present with febrile
episode that can last 2–7 days, followed by afebrile period of
4–14 days. Patients with TBRF can have up to 30 febrile
relapses, while LBRF is usually associated with only one re-
lapse. Other symptoms include myalgia, arthralgia headaches,
and vomiting, and physical findings include lymphadenopa-
thy and splenomegaly with rash occurring only in third of the
patients. A range of neurologic complications as well as sys-
temic inflammatory response syndrome also have been de-
scribed [163].

Diagnosis is based on identifying the spirochetes on blood
smear. Sensitivity of blood smear is higher during febrile pe-
riod (about 70%), and a negative blood smear does not ex-
clude RF. In LBRF, the spirochete load can be low and spe-
cific stains can be helpful. Other diagnostic methods include
serologic testing, PCR, and mouse inoculation.

Doxycycline, tetracycline, and penicillin are the preferred
treatment, with most patients treated with 7–10 days of doxy-
cycline. Jarisch-Herxheimer reactions with high fever and leu-
kopenia occur in half of the patients following the first antibi-
otic dose and can develop into a severe reaction with hypo-
tension, respiratory distress, and death [163]. Without

treatment, TBRF carries a mortality rate of up to 10% with
even higher 40%mortality rate for untreated LBRF. Two cases
of meningoencephalitis with Borrelia miyamotoi in heavily
treated immunocompromised patients have been described
[164, 165].

Lyme borreliosis is the most common vector-borne disease
in the Northern hemisphere caused by a group of at least 13
genospecies. Lyme disease is a multisystem illness affecting
the skin, joints, nervous system, and heart. Human infection is
caused mainly by three species: B. burgdorferi is the most
common cause in North America but also found in Europe,
and Borrelia afzelii and Borrelia garinii which cause the dis-
ease in Europe and Asia. Emerging infections in the mid-
Western USAwith Borrelia mayonii cause a condition similar
to Lyme disease. Most tick species do not carry Borrelia spe-
cies. The vectors of all Borrelia species are the ixodid tick
species; this includes the deer tick, I. scapularis, in the
Northeast and Midwest of the USA, Ixodes pacificus in the
West, the sheep tick, Ixodes ricinus, in Europe and the taiga
tick, Ixodes persulcatus, in Asia. The Ixodid tick demonstrates
a complex vector ecology with preferences for different hosts
in different geographical regions and at different stages of its
development. More than 300 different species, including deer,
rodents, birds, and reptiles, have been described. Infection
rates also show seasonal variation with highest rates during

Table 5 Bartonella species

Pathogen Vector Distribution Disease Major clinical symptoms Treatment

Bartonella
bacillifor-
mis

Sand
fly—
genus
Lutzo-
mya

Andes
moun-
tain

Acute—
Oroya
Fever

Acute hematologic disease develops 3–12 weeks
post inoculation. Potential high fever, chills,
headaches and mental status change, with
profound anemia secondary to erythrocyte
invasion. Other symptoms include myalgia,
arthralgia, lymphadenopathy,
meningoencephalitis and hepatic / gastrointestinal
dysfunction. High fatality rate without treated and
<10% mortality with appropriate treatment

Oral Chloramphenicol +/− beta-lactam anti-
biotic. Alternatively, doxycycline,
ampicillin, and co-trimoxazole can be
considered

Chronic—
Verruga
Peruana

Skin lesions go through several stages of evolution,
from miliary to nodular and to molaire lesions.
Vascular bulbous lesions are prone to ulceration
and bleeding

Oral rifampin or streptomycin

Bartonella
henselae

Cat flea Worldwide Cat
scratch
disease

Uncommon disease in immunocompetent host, may
present with acute febrile illness, which may
persist or acquire a relapsing form. A cutaneous
papule or pustule appears at the inoculation site.
Lymphadenopathy can develop in 1–7 weeks.
Patient can have low-grade fever lasting several
days. Aseptic meningitis has been described. Can
persist if left untreated

Oral Azithromycin. Combination of
rifampin and azithromycin can be
considered

Bartonella
quintana

Pediculis
huma-
ns

Worldwide Trench
fever

Sudden onset of chills and fever following a
3–38 day incubation period. Typically, periodic
bouts of fever lasting 4–5 days can develop. A
continuous febrile form also exists. Headache,
vertigo, conjunctival injection, myalgia,
arthralgia, bone pain, and hepatosplenomegaly
can develop

Doxycycline together with IV
gentamicin
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the summer months, reflecting higher tick activity and human
visits to tick-infested areas. Person-to-person transmission
does not occur.

Lyme disease follows several stages starting with local-
ized disease at the site of inoculation, followed by dissem-
ination stage and, later, persistent infection [166].
However, an individual patient can show highly variable
disease progression with different patterns of organ in-
volvement and disease severity. Erythema migrans (EM)
is often seen at the site of the tick bite after 3–30 days of
incubation. Regional lymphadenopathy can be seen.
Secondary skin lesions represent hematogenous dissemi-
nation. At this stage, constitutional symptoms of general
fatigue, fever and headaches, migratory musculoskeletal
pain, conjunctivitis, and cardiac involvement occur. In
total, 15% of untreated patients can develop frank neuro-
logic manifestations of meningitis, encephalitis, and vari-
able forms of neuritis with fluctuating symptoms.
Persistence can occur in untreated (on inadequately) pa-
tients. Antibiotic refractory arthritis is well described.
However, even without treatment, intermittent or persis-
tent attacks usually resolve completely within several
years. Co-infection with A. phagocytophilum and
B. microti can cause diagnostic confusion [167, 168].

The diagnosis of Lyme disease is established based on clin-
ical symptoms, history of potential exposure, and serologic
studies. Although positive culture can confirm the diagnosis,
it can usually be obtained only from early EM lesions. PCR
testing is superior to cultures and can be performed on joint
fluid samples [169]. CDC recommendations for the diagnosis
of Lyme disease are based on serology which might be im-
possible in PIDD patients with abnormal humoral response.
CDC guidelines require both an ELISA (or comparable test) to
be positive and a Western blot (2 out of 3 bands (23, 39, or
41 kD) on the IgM or 5 out of 10 bands on the IgG (18, 23, 28,
30, 39, 41, 45, 58, 66, 93 kD).

Most Lyme manifestations can be treated with oral an-
tibiotics, while patients with neurologic abnormalities and
some patient with Lyme arthritis require intravenous ther-
apy [170]. Doxycycline is the treatment of choice for ear-
ly and disseminated disease, with amoxicillin as the
second-line choice. Jarisch-Herxheimer-like reactions can
appear in the first 24 h in about 15% of the patients. For
patients with clear neurologic symptoms, 2–4 weeks of IV
ceftriaxone is the most commonly used therapy. Few
cases of neuroborreliosis and HIV have been described
with a good response to treatment. Descriptions of Lyme
disease in PIDD patients are lacking.

Zoonoses

Zoonoses are infectious diseases that pass between animals
and humans and span the spectrum of pathogens including

viruses, bacteria, fungi, and parasites. Zoonoses are very com-
mon and range frommild such as certain forms of tinea to life-
threatening infections such as rabies. Some of the zoonoses
that are vector-borne will be covered in other sections. Risk
mitigation strategies for zoonoses include patient education,
proactive advice about risk scenarios, and avoidance of infect-
ed animals.

Several zoonoses are associated with contact with mam-
mals such as rodents or domestic farm animals through di-
rect contact or through contact with their feces. For instance,
hantavirus infections are often associated with exposures to
mouse droppings when staying in cabins in the Western
USA. Occupational exposures can occur with buffalopox
or parapoxvirus (causing Orf infection) through direct con-
tact with buffalo and goats/sheep, respectively [171–174].
In general, there are very few cases of PIDD with zoonotic
infections acquired from mammals. However, there are a
few special considerations. For instance, lymphocytic
choriomeningitis virus is acquired through exposure to
house mice primarily, with hamsters being a less common
source of infection. Both domestic and wild mice can carry
the infection without exhibiting symptoms. Although infec-
tion is rare, there have been severe cases in patients with T/
NK cell dysfunction, such as a case in XLP1 and cases in
solid organ transplant recipients [175]. Therefore, in pa-
tients with severe T/NK defects, consideration should be
given to whether small rodents are appropriate household
pets. Tularemia is a disease of animals and humans caused
by the bacterium Francisella tularensis. Rabbits, hares, and
rodents are the main reservoirs. Humans become infected
through direct contact, ingestion of contaminated water, or
inhalation of organisms. Ticks and deer flies can also trans-
mit the disease through bites. Fever is universal, but other
features depend on the mode of transmission. A patient with
CGD had a complex course suggesting myeloid defects are
a risk for more severe disease [176]. Rabies is an almost
universally fatal infection caused by contact with oral se-
cretions from infected mammals, typically raccoons, bats,
or foxes, and there is no suggestion that PIDD or immune
compromised modifies the prognosis. For individuals with
high-risk exposures, such as those working with wildlife or
traveling in endemic areas, pre-exposure prophylaxis is giv-
en with vaccination, and if an exposure occurs, rabies-
specific immunoglobulin is provided as well as vaccination.
However, for those with humoral immunodeficiencies who
cannot respond to the typical pre-exposure vaccination,
there needs to be counsel on the additional risk without
vaccination.

In Table 6, several of the bacterial and viral zoonoses are
summarized with their typical endemic areas, which is some-
what limited by diagnostic abilities and reporting, as well as
the typical clinical scenarios, known cases in immunodefi-
ciency and an approach to diagnosis and therapy.
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Table 6 Zoonotic infections

Pathogen Endemic areas Transmission Incubation
period

Clinical
presentation

Immunodeficiency Diagnosis Treatment

Hantavirus Western US
primarily, S.
America,
Eastern Asia,
Scandinavia

Contact with rodents
(mostly mice) or
their
urine/droppings

1–8 weeks
typically

Americas:
pulmonary
disease

Asia/Europe:
hemorrhagic
fever with renal
syndrome

Unremarkable cases
in well controlled
HIV.

Serologic
assays;
patholo-
gy
stains;
RNA
detec-
tion

Supportive care,
may require
dialysis.

Consider IV
ribavirin

Lymphocytic
choriomening-
itis virus
(LCMV)

Case reported
through
Americas,
Europe,
Japan,
Australia,
likely
widespread

House mouse, and
other small
rodents

1–2 weeks Congenital infection
with
hydrocephalus,
mental
retardation and
chorioretinitis.

CNS infection
Mild febrile illness

or asymptomatic
for most

Fatal case with
encephalitis and
pulmonary
hemorrhage with
SH2D1A
mutation (XLP1)

Multiple donor
derived severe
cases in solid
organ transplant
recipients

Serologic
assays
of blood
and
CSF;
PCR of
CSF

Supportive; role of
ribavirin
unclear

Rabies Throughout
USA,
developing
countries

Bite from infected
mammal; in USA,
most commonly
raccoons, skunks,
bats, foxes, and
coyotes

Typically
within
6 month-
s, but
longer
incuba-
tions
reported

Flu-like symptoms
that progresses to
encephalitis

Almost universally
fatal in
immunocompe-
tent hosts;
concern for
failures of
post-exposure
vaccination
failures in
antibody
deficient hosts

PCR and
anti-
body
assays
of CSF,
serum,
saliva

Post-exposure
prophylaxis
with vaccine
and immune
globulin;
supportive if
infected

Yersinia pestis SW and
Western US,
Africa

Bite from a rodent
flea or handling
infected animal

2–6 days
typically

Bubonic plague:
very painful
lymphadenitis.

Septicemic plague:
fever, abdominal
pain, DIC.

Pneumonic plague:
fever and rapid
pneumonia

No cases found;
however, other
species of
Yersinia (such as
Y. enterocolitica)
are more severe
with iron
overload and
with HIV/AIDS

Cultures of
infected
node,
blood
with
assis-
tance of
public
health
depart-
ment

IV antibiotics,
typically
aminoglycosid-
es, and
fluoroquinolon-
es

Francisella
tularensis
(Tularamia)

US: mostly
South
central,
Northwest
and
Massachuss-
etts
(primarily
Martha’s
Vineyard)

Central and
Northern
Europe

Tick or flea bite,
handling infected
animals (typically
rabbits, prairie
dogs, other
rodents), or
inhalation of
aerosols with
bacteria (e.g.,
lawnmower over
infected animals)

1–14 days Depends on site of
inoculation:
Ulceroglandular,
glandular;
oculoglandular,
oropharyngeal
(conaminted food
or water),
pneumonic
(aerosolized),
typhoidal

Pneumonic
tularemia case in
CGD with good
recovery with
antibiotics.

Typhoidal tularemia
with prolonged
course in a
patient with
AIDS

Typically
through
culture
with
assis-
tance of
the
public
health
depart-
ment

Aminoglycosides,
tetracyclines,
fluoroquinolon-
es

Buffalopox India primarily Contact with
infected buffalo,
typically through
milking

Cases
reported
within
1 week
of
exposure

Pustular skin lesions No cases found, but
concern would be
in predominantly
T cell
immunodefi-
ciencies

PCR and
antigen
tech-
niques

Supportive
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Nipah Virus

Nipah virus causes a range of infectious phenotypes ranging
from asymptomatic infection to acute respiratory distress and
encephalitis. Nipah virus was identified in 1999 on pig farms
in Malaysia, leading to identification of 257 human cases,
including 105 human deaths and the culling of one million
pigs [177]. The natural host is the fruit bat: Pteropodidae
pteropus. Symptoms of infection from the Malaysian
outbreak were primarily encephalitic in humans, but later,
outbreaks have caused respiratory illness, increasing the
likelihood of human-to-human transmission. Fever, headache,
cough, abdominal pain, nausea, vomiting, weakness, prob-
lems with swallowing, and blurred vision were common.
Seizures were seen in 25% and coma in 60%. Relapses of
encephalitis have been described [178]. Increasing infections
due to Nipah virus is thought to be due to an increasing over-
lap between bat habitats and pig sties in Malaysia. All out-
breaks thus far have been in India, Bangladesh, or Malaysia.

The diagnosis of Nipah virus relies on PCR of fluid sam-
ples, serology in convalescent samples, and immunofluores-
cence of tissue. There have been no infections of immune
compromised patients reported. Therapy is largely supportive,
although preliminary reports of ribavirin use have been en-
couraging. A vaccine is under development.

Zoonotic Coronaviruses

Severe acute respiratory syndrome coronavirus (SARS-CoV)
and the Middle East respiratory syndrome coronavirus
(MERS-CoV) are two zoonotic coronaviruses. The SARS
pandemic in 2002–2003 resulted in 8096 reported cases in
27 countries. No further SARS cases were reported after the
pandemic except isolated cases linked to laboratory accidents.
Patients usually presented with fever and respiratory symp-
toms, but occasionally had diarrhea and vomiting. About
20–30% of SARS patients required mechanical ventilation,
with a case fatality rate of about 9% [179–181].

MERS was first noted in Saudi Arabia in 2012, and coun-
tries around the Arabian Peninsula are now endemic for
MERS-CoV. Patients usually present with fever, cough, chills,

sore throat, myalgia, and arthralgia rapidly progressing to
pneumonia with over 50% of patients requiring intensive care.
About one-third of patients present with diarrhea and
vomiting, and acute renal impairment is a striking feature of
MERS. Risk factors for poor outcome include diabetes, hy-
pertension, and renal and lung disease. Cases have been
exported to at least 26 countries with travel occasionally caus-
ing cluster of secondary outbreaks. One such example is the
MERS-CoV outbreak involving 82 patients in South Korea,
and the median incubation period was estimated to be 7 days
with a range of 2 to 17 days [182]. At the end of 2015, there
were 1621 confirmed MERS with a 36% mortality rate
[179–181].

Bats are the natural reservoirs of both SARS-CoV and
MERS-CoV. SARS-CoV crossed the species barrier into palm
civets and other animals in live animal markets in China,
which then infected human, while a MERS-CoV ancestral
virus crossed species barrier into dromedary camels.
Abundant circulation of MERS-CoV in camels results in con-
tinuous zoonotic transmission of this virus to human, while
SARS-CoV was not found to circulate in the intermediate
reservoirs, explaining SARS being a one-off outbreak and
MERS a continuing zoonotic disease [179]. Aerosol-
generating procedures such as intubation were associated with
increased viral transmission of both CoVs resulting in noso-
comial outbreaks [179]. Super-spreaders are responsible for
large and prolonged outbreaks [181]. The diagnosis for
SARS and MERS include both serological tests and PCR
assays that can quantify viral loads [183].

Functional genetic polymorphisms leading to low se-
rum mannose binding lectin (MBL) are associated with
susceptibility to but not severity of SARS in both
Southern and Northern Chinese [184–186]. MBL was
shown to bind to SARS-CoV and inhibit the infectivity
[184], suggesting its role as first-line defense against
SARS-CoV. Although no patients with primary immuno-
deficiency infected with SARS-CoV or MERS-CoV were
identified, likely due to the limited number of such infec-
tions, patients with T cell defect and type 1 interferon
pathway defects could suffer a more severe disease course
[187, 188].

Table 6 (continued)

Pathogen Endemic areas Transmission Incubation
period

Clinical
presentation

Immunodeficiency Diagnosis Treatment

Orf
(Parapoxviru-
s)

Worldwide Contact with
infected goat and
sheep

Ulcerative skin
lesions

Severe cutaneous
infection in GOF
STAT1

Severe cutaneous
cases in solid
organ transplant,
leukemia and
lymphoma

PCR Consider cidofovir
(topical or IV) if
severe case
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Virus-based and host-based treatment strategies are largely
experimental with uncertain benefits. Ribavirin, type 1 inter-
ferons, small molecules, and monoclonal antibodies that block
CoVs entry have been explored [183]. Passive immunothera-
py andmultiple candidate vaccines have been tested in various
animal models. Convalescent plasma immunotherapy has
been considered, but clinical trials are lacking in MERS
[189], while for SARS a systematic review concluded conva-
lescent serum may reduce mortality and appear safe [190].

Unknown Transmission (Ebola and Marburg)

The Filoviridae family contains three known genera, the
Ebolaviruses, Marburgviruses, and Cuevavirus. Ebolavirus
and Marburgvirus cause hemorrhagic fever syndromes in pri-
mates and humans, with high fatality rates. Cuevavirus infects
only bats. The Ebolavirus genus contains five species, with
two of the species (Zaire ebolavirus and Sudan ebolavirus)
being responsible for the majority of cases of human disease,
while Marburgviruses contain two species (Marburg virus and
Ravn virus). Filoviruses are capable of replicating in a number
of cell types (with the exception of neurons and lymphocytes).
Upon entry into the body of the host (via breaks in the skin,
parenterally, or through mucosal surfaces), Filoviruses em-
ploy a variety of mechanisms to evade the activity of the
immune system [191]. The incubation period (interval from
infection to onset of symptoms) varies from 2 to 21 days.
Symptoms begin abruptly, with high fever, severe headache,
malaise, myalgia, diarrhea, nausea, and vomiting. A rash can
occur between 2 and 7 days after onset of symptoms.
Hemorrhagic manifestations occur between 5 and 7 days,
and fatal cases usually have some form of active bleeding.
In an outbreak setting, the symptoms are unmistakable but
confusion with malaria can occur early in the disease or in
sporadic cases.

Since their original descriptions in 1967 and 1976, respec-
tively, for Marburg and Ebola, there have been a number of
sporadic cases and several major outbreaks. The largest
Marburg virus outbreak occurred in Angola in 2005 (with a
fatality rate of >80%), while the largest Ebola epidemic hap-
pened between 2014 and 2016 in West Africa (Sierra Leone,
Guinea, and Liberia) and claiming over 11,000 lives (fatality
rate > 40%). Although not definitively proven in the case of
Ebola, bats are believed to be the natural animal reservoir for
these viruses [192, 193]. These viruses are transmitted via
contact with blood or body fluids from an infected host; nota-
bly, certain body fluids can harbor virus for weeks to months
after resolution of disease. Given the recent outbreak in West
Africa, there has been renewed interest in understanding the
pathogenesis of filovirus infections and possible therapies.

Literature regarding how the pathogenesis of disease may
be altered in patients with PIDD is lacking. However, the
assumption is that in the absence of an intact cellular and/or

humoral immune response, the patient with a PIDD may be at
increased risk of mortality in the setting where mortality is
already high. These viruses induce apoptosis of lymphocytes
and macrophages, and there is therefore a profound secondary
immune compromised [194, 195].

Filoviruses can be detected in multiple body fluids via
PCR. Although practiced for decades, a study in Guinea
in 2015 failed to show a decrease in mortality among
patients receiving convalescent plasma from previously
infected donors [196]. A number of additional compounds
(e.g., TKM-Ebola, BCX4430, and GS-5734) and bio-
logics (ZMapp) have been shown to offer protection in
animal models of Ebola, but to date, no controlled and
appropriately powered clinical trials have addressed their
efficacy in humans. Finally, a number of vaccines for
Ebola are undergoing clinical studies (including four in
Phase III trials). Importantly, in late 2016, the rVSV-
ZEBOV vaccine was shown to have displayed high effi-
cacy in protecting immunized adults during the 2015
Guinea Ebola outbreak, and the data also suggested that
the vaccine may even offer Bherd immunity^ to unimmu-
nized persons in proximity to recipients of the vaccine
[197, 198].

Hepatitis E

Hepatitis E virus is a single-strand RNA virus of the
Hepeviridae family. It is an important zoonotic disease in
Asia and Africa, and fecal-oral spread is the usual route of
transmission [199]. Handling of pig or boar meat is a risk
factor, and 2–10% of pig livers sold in grocery stores in
Japan and the USA are infected [200, 201]. Swine represent
the major reservoir, although antibodies to the virus have been
found inmany species [199]. The incubation period is 2 weeks
to 2 months, and viremia disappears with the onset of symp-
toms. The mortality rate is 1–4% and can reach 20% in preg-
nancy [202]. Acute hepatitis usually resolves but can lead to
liver failure in severe cases. Patients with hepatitis E post-
transplant have had severe courses in some cases [203]. In
immune compromised patients, the course can become chron-
ic [204–206]. In these cases, cirrhosis develops. The diagnosis
is by serology or PCR, and the treatment is supportive.

Human Transmission

Viruses

Prevention modalities for infections transmitted by humans
are conceptually different than infection prevention for
vector-borne infections. Hand hygiene is extremely important,
and avoidance of clearly infected people can be helpful.
Recognition of infections with fecal-oral transmission and
the importance of water purity are critical for patients with
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PIDD. In contrast, infections transmitted by aerosols require
prevention strategies related to droplet precautions. In out-
break scenarios, if the risk to the patient is high, specific che-
moprophylaxis may be considered.

Influenza Viruses

Influenza viruses type A and B cause annual epidemic influ-
enza, while type C causes sporadic mild influenza-like illness.
Patients present with sudden onset of fever, chills, and myal-
gia, followed by sore throat and cough. Other less common
features include diarrhea, acute myositis, and encephalopathy
[207, 208]. Co-infection with bacteria such as pneumococci
results inmore severe disease [209, 210]. Influenza pandemics
occur yearly around the world. Influenza viruses infect 5 to
15% of the global population, resulting in ~500,000 deaths
annually [211]. The viruses circulate in Asia continuously
and seed the temperate zones, beginning with Oceania,
North America, and Europe, then later seeding into South
America [212]. Diagnosis of influenza includes direct/
indirect immunofluorescent antibody staining for antigens in
nasopharyngeal aspirates and PCR.

A patient with compound heterozygous null mutations of
the gene encoding IRF7, a transcription factor for amplifying
IFN-α/β, was reported to have life-threatening influenza dur-
ing primary infection [213]. Fatal influenza-associated en-
cephalopathy in both Chinese and Japanese children has been
reported to be associated with genetic variants of thermolabile
carnitine palmitoyltransferase II [214]. Patients with SCID
will have prolonged viral shedding [215]. Severe pandemic
influenza A virus (H1N1) infection has been associated with
IgG2 and IgG3 subclass deficiency [216, 217]. In addition,
influenza infection can be more severe in PIDD patients with
underlying lung disease, such as bronchiectasis, and antibiotic
coverage of chronic colonizing bacteria (such as
Pseudomonas) in this setting may be helpful.

Inactivated seasonal influenza vaccine should be given to
PIDD patients even those with humoral deficiencies as their T
cell response to influenza could be normal and offer protective
immunity against severe influenza [218, 219]. Antiviral drugs
include neuraminidase inhibitors (oseltamivir and zanamir)
and adamantanes (amantadine and rimantadine), but resis-
tance to adamantanes is widespread.

Measles Virus

Measles is a single-stranded, negative-sense, enveloped (non-
segmented) RNAvirus of the genusMorbillivirus. Measles is
highly communicable, transmitted by droplets, and less
commonly by airborne spread. Patients present with fever,
cough, coryza conjunctivitis rash, and Koplik spots.
Complications include pneumonia, acute encephalitis, and
subacute sclerosing panencephalitis (SSPE) [220]. Diagnosis

of measles includes serological tests, virus isolation, and PCR.
In an outbreak, the clinical features may be sufficient for
diagnosis.

Measles vaccine has caused severe measles in children
with STAT2 and IFN-α/β receptor deficiency [187, 188],
demonstrating the importance of type 1 interferon pathway
in controlling measles. Immune compromised of nearly any
type is associated with severe disease and higher mortality
[221]. T cell deficiency states are the most strongly associated
with the development of giant cell pneumonia and inclusion
body encephalitis, the most feared complications of measles.
SSPE is a slow encephalitis due to persistence of replication
defective measles virus in the CNS. It is most frequently seen
when young infants are infected with measles and 6–10 years
later, SSPE becomes evident. There are case reports
supporting the immune compromised as increasing the risk
of SSPE [222]. Treatment of SSPE with ribavirin has shown
some improvement, but the prognosis in general with SSPE is
very grave. Patients with CGD have defective memory B cell
compartment, resulting in lower measle-specific antibody
levels and antibody-secreting cell numbers, but severe disease
has not been reported [223]. PIDD patients may harbor the
virus latently for longer than usual, leading to complications at
the time of transplant [224].

Specific antiviral therapy is lacking, but ribavirin has been
given to severely ill and immunocompromised children. For
measles post-exposure prophylaxis, intravenous immuno-
globulin (IVIG) is recommended for severely immunocom-
promised patients without evidence of measles immunity
[225]. This would likely include patients with SCID and
hypogammaglobulinemia who are not yet on regular IVIG.
Measles vaccine, given in a two-dose regimen, has brought
down incidence enormously worldwide and theWHO is plan-
ning for eradication globally.

Enteroviruses

Enteroviruses (EVs) are among the most common viruses
infecting humans worldwide. EVs are small non-enveloped,
single-stranded RNA viruses of the picornaviridae family.
Human EVs are categorized into seven species that include
hundreds of serotypes, such as polioviruses (PV), coxsackie
viruses A, and B (CV-A and B), echoviruses, and human
rhinoviruses (HRVs). Of these species, many important sero-
types are known to infect human such as PV1-3, CV-A16,
CV-B3, EV-A71, EV-D68, and HRV (Table 7).

Non-polio Enteroviruses

Non-polio enteroviruses (NPEVs) have a worldwide distribu-
tion. Infants and young children have higher incidence of
infection and a more severe course of illness than adults.
The mode of transmission is mainly through fecal-oral and
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respiratory routes. Infection occurs all around the year in trop-
ical and subtropical regions, while in temperate climates the
peak incidence of infection is during summer and fall months
[226]. NPEVs are associated with diverse clinical manifesta-
tions ranging from mild febrile illness to severe, potentially
fatal conditions. Most cases are asymptomatic or have mild
symptoms including fever with or without rash; symptoms of
hand, foot, and mouth disease; herpangina; acute hemorrhagic
conjunctivitis; upper respiratory infection; and gastroenteritis.
More severe symptoms occur in infants and young children
[227, 228]. Acute flaccid paralysis [229], neonatal enteroviral
sepsis [230], myocarditis/pericarditis [231, 232], hepatitis,
pancreatitis, pneumonia, and atypical hemolytic uremic syn-
drome [233] are severe manifestations seen in immunocom-
petent people. Chronic infections have been seen in immuno-
compromised patients [234]. Each virus may produce one or

more of the aforementioned manifestations; however, some
serotypes are often associated with particular features
(Table 7).

The definitive diagnosis of NPEV infection relies on
PCR or virus isolation from the cerebrospinal fluid, blood,
stools, urine, or throat swab [229, 235]. Treatment of
NPEVs is mainly supportive since most infections are
self-limited. High doses of intravenous immunoglobulin
(IVIG) are recommended in patients with severe symp-
toms. The efficacy of some new antiviral drugs
(pleconaril, vapendavir, and pocapavir) is still under in-
vestigation [236]. No vaccine has been licensed yet for
NPEVs. However, phase 3 clinical trials of inactivated
monovalent EV-A71 vaccines manufactured in China
showed high efficacy against EV-A71 in infants and
young children [237].

Table 7 Enteroviruses

Enterovirus species and serotypes Distinguished serotypes causing specific disease Recent outbreak (serotype, region, and date)

Enterovirus A (20 serotypes)
Coxsackievirus A2–8, 10, 12, 14, 16
Enterovirus A71, A76, A89, A90, A91,

A114, A119, A120, A121

CVA6, CAV10, CVA16, EV-A71 cause HFMD.
CVA2 causes hepangina.
EV-A71 caused HFMD, encephalitis,

neurodevelopmental delay, impaired cognitive
function and cardio pulmonary failure

Outbreak of CVA6 HFMD in the USA, Finland
between 2011 and 2012

Outbreaks of EV-A71 HFMD in the Asia-Pacific
region (Australia, Japan, Malaysia, Taiwan,
Vietnam, and China) and India between 1997
and 2012

Outbreak of CVA2 herpangina in the summer of
2015 in Hangzhou, China

Human enterovirus A Human coxsackievirus A2–8, 10, 12, 14, 16.
Human enterovirus 71, 76, 89–92, 114, 119–121.

Severe hand foot and mouth disease because of
CVA6, CVA16, and A71 in many countries

Enterovirus B (60 serotypes)
Coxsackie B1–6, and A9 Echovirus

1–7, 9,11–21, 24–27, 29–33
Enterovirus B69, 73–75, 77–88, 93,

97, 98, 100, 101, 106, 107, and 111

CB5 causes myocarditis
Echovirus 6,9,30 cause aseptic meningitis
Echovirus 11 causes enteroviral sepsis presenting as

hepatitis-hemorrhage syndrome
Echovirus 18 causes aseptic meningitis

Small outbreak of echo-18 in seven cases during
the fall of 2010 at the Department of Pediatrics
and the Department of Neurology of the Jena
University Hospital,Thuringia, Germany

Enterovirus C
(23 serotypes)
Coxsackievirus A1, 11, 13, 17, 19, 20,

21, 22, 24,
Enterovirus C95, 96, 99, 102, 104, 105,

109, 113, 116–118
Poliovirus 1–3

Non-polio flaccid paralysis
Poliomyelitis

Enterovirus D
(4 serotypes)
EV-D68, D70, D94, and D111

EVD68 causes severe respiratory symptoms that may
require mechanical ventilation and acute flaccid
paralysis with spinal cord gray matter lesions,
known as acute flaccid myelitis

Worldwide reports of EV-D68. The largest and
most widespread outbreak of EV-D68 was re-
ported in August and October, 2014 in
North America and Canada and Mexico

Rhinovirus A
(80 serotypes)
Human rhinovirus A1, 2, 7–13, 15, 16,

18–25, 28–34, 36, 38–41, 43, 45–47,
49–51, 53–68, 71, 73–78, 80–82, 85,
88–90, 94, 96, 100–109.

Rhinovirus B
(25 serotypes)
Human rhinovirus B3–6, 14, 17, 26, 27,

35, 37, 42, 48, 52, 69, 70, 72, 79, 83,
84, 86, 91–93, 97, 99, 100–106.

Rhinovirus C (51serotypes)
Human rhinovirus C1–55.

Asymptomatic or mild upper respiratory infection
(rhinitis, pharyngitis, croup).

Lower respiratory tract infection including bronchitis,
bronchiolitis, pneumonia and wheezing
predisposition in asthma patients
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Patients with a variety of PIDDs are unusually susceptible
to EV [238]. The most susceptible groups are patients with
primary antibody deficiency such as XLA, CVID, and hyper-
IgM syndrome (HIGMS) as well as those having SCID and
major histocompatibility class II deficiency [239, 240]. The
most severe form of infection has been described in patients
with XLA due to the profound deficiency of immunoglobulins
essential for viral neutralization during infection. Affected pa-
tients usually present with indolent but relentlessly progres-
sive non-necrotizing meningoencephalitis. Regression of cog-
nitive skills, flaccid quadriplegia, and deafness has been de-
scribed. The reported non-neurologic presentations in XLA
include septicemia, dermatomyositis-like disease, hepatitis,
and/or arthritis [238, 241].

The incidence of NPEV meningoencephalitis in large reg-
istries of XLA cases is 1–4% [242]. Unpublished data from
the Kuwait National PIDD Registry, which includes 271
PIDD patients, showed that nine patients had documented
NPEV infections and two died from these infections. The
two deaths were seen in SCID patients (personal communica-
tion with Prof. Waleed Al-Herz, MD). In addition, NPEV
meningoencephalitis and/or septicemia were reported in few
cases with either primary B cell deficiency such as B cell
linker (BLINK) protein deficiency [243] or acquired B cell
deficiency following the administration of anti-CD20
(rituximab) [244, 245]. In all reports, better outcome was at-
tributed to the early administration of high doses of IVIG
during NPEV viremia [246]. NPEV infection in PIDD dis-
eases remains a major threat to patients. Also, the possible
prolonged viral excretion and the emergence of resistant
strains runs the risk of spreading infection to the surrounding
community.

Poliovirus Vaccine

Oral Polio Vaccine (OPV) consists of a mixture of three live
attenuated poliovirus serotypes. OPV induces production of
neutralizing antibodies against all three serotypes, in addi-
tion to a local intestinal immune response. OPV can result in
vaccine-associated paralysis (VAP) secondary to reversion
of the vaccine strain to the neurovirulent wild-type strain.
An example for such an event was demonstrated by the
2000–2001 outbreak in the Dominican Republic and Haiti
[247], believed to be driven at least in part by under-
vaccination of the population, which allowed the spread of
the reverted vaccine strain [248]. Although rare, patients
with PIDD have a higher risk to develop VAP. Reports have
shown that PIDD patients with antibody deficiency can
have prolonged viral replication which can persist for years
and therefore theoretically increase the risk for a spontane-
ous reversion within the immunodeficient host [249–252].
Cases of VAP were shown in patients with antibody defi-
ciency and combined immunodeficiency syndromes [248,

253, 254]. Therefore, OPV is contraindicated in patients
with PIDD, and this contraindication extends to their house-
hold contacts [22]. Beyond the obvious risk for the PIDD
patient, prolonged virus shedding also increase the risk for
spreading vaccine-derived paralytic strain in the general
population.

Bacteria

Bacterial infections have molded human behavior and altered
societies over human history. Today, largely ignored due to
antibiotic susceptibility, they continue to cause misery and
disease around the world. Three infections are highlighted,
and additional commonly encountered infections are listed
in Table 8.

Pertussis

Pertussis is a respiratory infection caused by Bordetella
pertussis that begins after a 7- to 10-day incubation period
as a minor upper respiratory infection that progresses with
cough. Initially intermittent, it evolves into paroxysmal
coughing spells usually followed by vomiting in infants and
young children. It lasts 6 to 10 weeks and can have many
complications such as syncope, weight loss, rib fracture, and
pneumonia. Infants under 6 months are more severely affect-
ed, developing pneumonia, pulmonary hypertension, hypoxia,
subdural bleeding, and seizures. Death can occur, especially in
young infants [255, 256]. Adults typically have a prolonged
cough with fewer complications [257].

It is transmitted via aerosolized droplets during close con-
tact. People are most contagious during the catarrhal stage and
the first half of the paroxysmal phase, totaling 5 to 6 weeks
[258]. The introduction of whole-cell pertussis vaccine (DPT)
in the 1940s in the USA reduced the incidence of the disease
from 250,000 cases to around 1000 cases per year in the
1970s. A resurgence in 2012 was associated with the substi-
tution of the whole-cell vaccine by the acellular pertussis vac-
cine (DTaP) [258]. New strategies such as boosters with acel-
lular pertussis for adolescents and adults with Tdap and use of
Tdap during pregnancy seem to be effective in partially reduc-
ing the incidence of the disease [259]; however, pertussis
cases in the USA remain higher than the 1970s. The lack of
persistence of antibody in the adult population means adults
not only represent a reservoir for the disease but also do not
provide sufficient titers to immunoglobulin products prepared
from adult plasma pools. A relatively recent requirement in
some countries is vaccination of adults every 10 years tomain-
tain immunity. This should, over time, improve titers in im-
munoglobulin products.

Culture of specimens obtained by nasopharyngeal swabs is
the gold standard of laboratory diagnosis due to the 100%
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specificity, but polymerase chain reaction (PCR) is gaining
prominence due to its higher sensitivity and speed of results;
serodiagnosis can be used in the late stages of the disease
[259]. Filamentous hemagglutinin (FHA) and pertussis toxin
(PT) antibodies were detected at peak measurements in PIDD
patients on regular IVIG, although some of them had PT an-
tibodies below the protective level as trough measurements
[260]. Severe pertussis cases have not been reported in
PIDD patients, but severe disease has been seen in malignan-
cies [261].

Antimicrobials such as azithromycin, erythromycin, and
clarithromycin, if given during the catarrhal stage, may ame-
liorate the disease and shorten the contagious period. To avoid
cases of pertussis, it is also worth emphasizing the importance
of good vaccine coverage rate among the whole population,
but especially among healthcare workers and family members
of patients with PIDD.

Neisseria meningitidis The onset of neisserial meningitis is
associated with sore throat, headache, drowsiness, fever, irri-
tability, and neck stiffness [262, 263]. Purpuric lesions are
very characteristic. This pathogen can also present with sepsis
which has a 20% mortality rate as opposed to 11% mortality
with a meningitic presentation. This bacterium can also cause
a chronic condition referred to as chronic meningococcemia.
This condition is characterized by intermittent fevers lasting
1 week to 3–4 months [264]. A non-purpuric rash is common
which may evolve into purpura. Arthritis, similar to that seen

with gonococcus, is common. Meningococcal disease primar-
ily affects children under 5 years of age.

N. meningitidis is a global pathogen [265]. There are 12
serogroups, but the majority of invasive meningococcal infec-
tions are caused by organisms from the A, B, C, X, Y, or W
serogroups. The annual number of invasive disease cases
worldwide is estimated to be at least 1.2 million, with
135,000 deaths related to invasive meningococcal disease.
Serogroups B and C are responsible for most infections in
Europe. Serogroup A has historically been the major organism
in Africa; mass vaccination has led to some improvement, but
the emergence of group X disease is worrisome. The Hajj in
theMiddle East has seen epidemics ofW-135, and vaccination
is now required for Hajj travelers. B and C serogroups are the
most common through the Americas. N. meningitidis cases
occur at a rate of about 1 case per 100,000 people throughout
the world [266], but across the Sahel of Africa and in China,
epidemics can lead to case rates of 500 per 100,000 [267]. The
bacterium is a natural human commensal, with carriage rates
of about 10%. Diagnosis can be by clinical examination in
epidemics or by Gram stain and culture.

Complement-deficient individuals have an increased
risk of Neisserial disease, but not necessarily increased
mortality. HIV is associated with increased disease, sug-
gesting that T cells are also important for defense. Third-
generation cephalosporins are typically used for treatment.
Penicillin, ampicillin, aztreonam, and chloramphenicol are
alternatives.

Table 8 Commonly encountered bacterial pathogens

Bacteria Geographic distribution Clinical manifestations Description in PIDD patients

Burkholderia
cepacia

Worldwide In CGD can cause sepsis, osteomylelitis
and abscess

Seen primarily in CGD patients

Corynebacterium
diphtheriae

Endemic diphtheria is still present in Asia,
Africa, Latin America, the Middle East
and parts of Europe due to suboptimal
vaccination coverage

Low grade fever, respiratory symptom that
may include upper airway obstruction
due to the presence of a
pseudomembrane. Myocarditis and
peripheral neuropathies are seen due to
toxin

Vaccination is the best prevention. PIDD
patients can be protected through
regular IVIG replacement

Salmonella sp Salmonella sp. is present worldwide.
In Africa, some Salmonella organisms

exhibit a very high lethality

In PIDD patients, clinical presentation
tends to be severe, invasive and
sometimes, disseminated. Cases of
meningitis, brain abscess and
osteomyelitis have been described

Patients with Mendelian Susceptibility to
Mycobacterial Diseases (MSMD) can
be susceptible to invasive infections
Salmonella. Patients with CGD and
CVID can also present with invasive
and severe cases of salmonella infection

Pseudomonas sp. Worldwide Abscesses, swimmer’s ear, tissue
infection. Sepsis seen

Primarily seen in myeloid
immunodeficiencies where it causes a
broad range of infections

Vibrio cholera
O1, O139

Seven cholera pandemics have been
observed since 1800. Asia, Africa,
Oceania and, since 1991, the Americas,
have witnessed the spread of the
disease. Haiti had amassive epidemic of
cholera

After a 2–5 day incubation period, an
intense watery diarrhea starts, usually
accompanied by vomiting and rapid
onset of dehydration. Fever and
abdominal cramps are absent in the
majority of patients

Mild to moderate diarrhea without
dehydration due to Vibrio cholera has
been described in HIV infected patients.
Descriptions of cholera in PIDD
patients were not reported
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Mycobacteria

TB, caused by MTB, is one of the top 10 causes of death
worldwide. In 2015, 10.4 million people became ill with TB
and 1.8 million died from the disease (including 0.4 million
among people with HIV). Over 95% of TB deaths occur in
low- and middle-income countries. Although much rarer than
TB, non-tuberculous mycobacteria (NTM) and BCG are rel-
evant pathogens for PIDD patients.

There is great inter-individual variability in the develop-
ment of TB disease. Roughly, 5% of infected individuals de-
velop clinical disease within 2 years of infection (mostly dur-
ing childhood). About 90% became latently infected without
clinical disease, and the remaining 5 to 10% develop pulmo-
nary TB later in life, either from reactivation of latent infection
or reinfection. Molecular epidemiology studies from high bur-
den areas suggest more disease results from recent transmis-
sion than from reactivation of latent TB, particularly in people
living with HIV [268]. Acquired or inherited host factors may
at least partially account for the variable disease course,
resulting in increased susceptibility to mycobacteria infections
[269]. PIDD associated with TB and NTM infections include
T cell deficiencies, GATA2 deficiency, CGD, anhidrotic ecto-
dermal dysplasia with immunodeficiency, X-linked (XL) re-
cessive CD40 ligand deficiency, autosomal recessive (AR)
STAT1 deficiency, AR IRF8 deficiency, and AR TYK2 defi-
ciency. In addition, a group of disorders with a strong suscep-
tibility to NTM, named Mendelian susceptibility to mycobac-
terial diseases (MSMD), have been recognized since the
1990s. These are rare inborn errors of IFN-γ signaling path-
way that present with isolated predisposition to infections
caused by weakly virulent mycobacteria such as BCG vaccine
and environmental NTM, in otherwise healthy patients. The
genetic defects involve impairment in the production of inter-
ferons (AR IL12Rβ1, AR IL12p40, autosomal dominant
(AD) IRF8, AR ISG15, XL recessive NEMO) or response to
interferons (IFN-γR, AD STAT1, AD IRF8, CGD) [270]. An
acquired form exits: Adults with NTM infection in Thailand
and Taiwan were found to have high-titer anti-interferon-
gamma antibody [271]. These individuals from Southeast
Asia were found to have HLA-DRB1*1502/16:02 and
DQB1*05:01/05:02.

Patients suspected of having pulmonary TB should have
acid-fast bacilli (AFB) smear microscopy and culture per-
formed in three sputum samples. PCR for MTB can be per-
formed [272]. The use of rapid tests facilitates early diagnosis,
and the WHO has recently recommended their use. The only
recommended rapid test for detection of TB with and without
rifampicin resistance is the Xpert MTB/RIF assay (Cepheid,
Sunnyvale, CA). The WHO recommends the Xpert test for
those suspected of having drug-resistant TB or in HIV; how-
ever, culture is still the mainstay and is not replaced by the
Xpert test. TB skin testing (Mantoux testing) uses a purified

protein derivative injected under the skin. Its advantages are
that it can be used for large-scale screening and it is cost
effective. Skin testing does have several disadvantages when
used as a diagnostic test. Reading the induration requires train-
ing and immunodeficiencies can alter the magnitude of the
induration. Immunosuppressed patients (HIV, organ trans-
plant) are considered positive if the induration is ≥5 mm.
Some immunodeficiencies may completely ablate the re-
sponse. Other causes of false-negative tests are malnutrition,
concurrent infection, recent live viral vaccine administration,
renal failure, malignancy, medical stress, very elderly, young
infants, or with a very recent infection withMTB. Conversely,
the results may be falsely positive if BCG has been adminis-
tered. Interferon gamma release assays can be used in any
setting where skin testing would be done but are considered
superior in settings where the patient has had BCG vaccina-
tion and, in some cases, where skin testing has been sown to
have high false-negative rates.

In general, TB treatment for patients with impaired im-
mune response, including PIDD, HIV infection, and immuno-
suppressive therapy, is based on the standard 6-month regimen
consisting of a 2-month intensive phase of isoniazid, rifampin,
pyrazinamide, and ethambutol, followed by 4 months of iso-
niazid and rifampin. Decisions regarding treatment duration
can be individualized, taking into account disease severity,
organs involved, and response to treatment. Significant phar-
macological interaction can occur between rifampin-based
MTB regimens and immunosuppressive drugs, such as cal-
cineurin inhibitors or rapamycin, requiring strict monitoring
of drug plasma concentrations [273]. Therapy for NTM is
complex with highly variable drug resistance patterns and a
need for biological augmentation to effectively clear the
organism.

Environmental Exposures

Infections by Endemic Environmental Fungi

Aspergillus fumigatus (see above), Cryptococcus gattii,
Histoplasma capsulatum, Coccidioides immitis (or
C. posadasii), Blastomyces dermatitidis, Paracoccidioides
brasiliensis, Emmonsia pasteuriana, and Penicillium
(Talaromyces) marneffei are environmental fungi that are en-
demic in certain parts of the world (Table 9). With the excep-
tion of Penicillium marneffei and Emmonsia pasteuriana that
only cause disease in profoundly immune compromised indi-
viduals, these fungi can cause infection in healthy individuals,
ranging frommild, self-limited pulmonary disease to infection
that requires antifungal therapy for eradication. On the other
hand, patients with acquired defects in cell-mediated immuni-
ty such as those infected with HIV, and patients with specific
monogenic disorders, particularly those involving the IL-12/
IFN-γ/STAT signaling pathways, SCID, and GATA2
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deficiency, are at high risk of developing life-threatening dis-
seminated infections by these endemic fungi following envi-
ronmental exposure [42, 274–278]. Diagnosis relies on cul-
ture of the corresponding fungus, histopathological demon-
stration of the fungus-specific characteristic morphologies,
and/or surrogate serological and fungal antigen tests.
Treatment of clinical disease (as opposed to colonization) typ-
ically involves an initial induction phase with amphotericin B,
followed by long-term azole maintenance therapy and second-
ary prophylaxis, and prognosis varies significantly depending
on the fungal pathogen and underlying PIDD.

Burkholderia pseudomallei

Melioidosis is caused by B. pseudomallei, a Gram-negative
bacteria found in soil and water, in tropical climates of
Southeast Asia and Northern Australia [279, 280].
Melioidosis is an emerging, potentially fatal disease (20%
mortality). B. pseudomallei can be transmitted by inhalation,
ingestion, or direct contact (through open skin) with contam-
inated soil or water. Animals (sheep, goats, swine, horses,
cats, dogs, and cattle) are also susceptible to infection and
cases of zoonotic transmission through direct contact of skin
lesions with infected animal meat or milk have been described
[280]. B. pseudomallei infections are endemic in Northern
Australia and Southeast Asia. Approximately 75% of reported
infections occur during the rainy seasons. Cases have also
been reported in South Pacific, Africa, India, and the Middle
East. In temperate areas, infection is extremely rare and is
predominantly imported by travellers or immigrants [281].

The incubation period of melioidosis is variable from
1 day to years, although common symptoms develop be-
tween 2 and 4 weeks after exposure. Melioidosis presents
most frequently in adults 40–60 years of age, but can
occur in all ages, with one study reporting 5% of cases
occurred in children [282]. In Australia, the average an-
nual incidence in 2001–2002 was reported as 5.8 cases
per 100,000 people [279]. The incidence in Indigenous
Australians was higher at 25.5 cases per 100,000. A
case-cluster in an Australian community was associated
with post-cyclonic flooding. A recent review suggests that
B. pseudomallei is increasingly prevalent in the Americas,
with a mortality rate of 39% [283].

Infection in healthy individuals is uncommon, and
more than 70% of cases occur in the setting of underlying
conditions such as chronic renal disease, diabetes, chronic
lung disease, and alcoholism. A recent review of
melioidosis in travelers found that 46% of cases were
acquired in Thailand. Symptoms usually started at 23 days
(range 1–360 days) after leaving the endemic area.
Traveller infections were less often associated with pre-
disposing risk factors (37.5%), diabetes mellitus being the
most common (21%). Melioidosis in travelers had lower

mortality (17%) than infection in autochthonous cases in
Southeast Asia [284]. Pneumonia (~50–55%) is the most
common presentation in adults. There is usually high fe-
ver, headache, anorexia, and myalgia. B. pseudomallei in-
fection may also present as localized skin infection, sep-
ticemia, or disseminated infection. Localized infection re-
sults in an ulcer, nodule, or skin abscess. This usually
occurs from the bacterium breaching through a break in
the skin. Patients with renal disease and diabetes are more
susceptible to sepsis. In disseminated infection, abscesses
may develop in the liver, spleen, lung, and prostate. In
children, primary cutaneous melioidosis is the commonest
presentation (60%). Bacteremia is less common in chil-
dren than in adults, but brainstem encephalitis has been
reported [282].

Difficulties in laboratory diagnosis of melioidosis may de-
lay treatment and affect disease outcomes [285]. Diagnosis of
melioidosis is primarily by isolation of the organism.
Identification of B. pseudomallei can be difficult in clinical
microbiology laboratories, especially in non-endemic areas
where clinical suspicion is low. Although various serological
tests have been developed, they are generally unstandardized
Bin house^ assays with low sensitivities and specificities. PCR
assays have been applied to clinical and environmental spec-
imens but are not widely available and sensitivity remains to
be evaluated.

Cases of melioidosis have been reported in patients with
acquired or inherited immune deficiency. Melioidosis was the
presenting complaint in several patients with CGD.
Bacteremic melioidosis was recently reported in two patients
with prolonged neutropenia, who succumbed despite appro-
priate antibiotics [286]. It is likely that there is increased sus-
ceptibility in situations where innate or adaptive immunity is
compromised. Treatment is with intravenous antimicrobial
therapy for 10–14 days, followed by 3–6 months of oral anti-
microbial therapy. Intravenous therapy with ceftazidime or
meropenem is usually effective. Oral therapy may continue
with trimethoprim-sulfamethoxazole or doxycycline.

Amebic Diseases

Free-living amoebas (FLA) are protozoa found worldwide
that do not require hosts to survive. FLA do not employ vec-
tors for transmission and are not well adapted to parasitism in
humans. However, there are four genera/species that can cause
human disease: Naegleria (N. fowleri), Acanthamoeba (mul-
tiple species), Balamuthia (B. mandrillaris), and Sappinia (S.
pedata). All of these amoebae are capable of inducing CNS
disease in humans, but Acanthamoeba species also cause var-
ious extra-CNS infections, especially in immunocompro-
mised hosts. The FLA that are pathogenic in humans are
reviewed below.
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Naeglaeria fowleri

Naegleria are a diverse group of FLA flagellate protozoans
with a large number of distinct species. Only one species,
N. fowleri, has been shown to cause infection in humans.
N. fowleri has a multi-stage life cycle with amoeboid and
trophozoite-infective forms as well as a cyst form [287].
N. fowleri is found commonly in warm freshwater around
the world including lakes, rivers, and hot springs. Humans
become can become infected when swimming or diving in
contaminated water. In rare circumstances, infections have
also been attributed to exposure from contaminated tap water
sources when utilized for religious cleansing of the nose or
irrigation of the sinuses. Thus, tap water should not be used for
nasal and sinus irrigation. It is not possible to become infected
from drinking contaminated water or from contact with an
infected person, and the amoeba is not found in salt water.
After entry to the nasal cavity, the amoeba travels through
the cribiform plate to the olfactory bulbs and migrates to the
cerebellum, resulting in primary amoebic meningoencephali-
tis (PAM), a rapidly fatal brain infection characterized by the
destruction of brain tissue. In its initial presentation, PAM can
mimic bacterial meningitis, further delaying accurate diagno-
sis and initiation of therapies that may save the patient.
Overall, N. fowleri infections are rare. Worldwide, most cases
are reported in the USA, Australia, and Europe; however, in
developing countries, it is suspected that a large number of
cases go unreported. Between 2006 and 2015, there were only
37 infections reported in the USAwith 33 of the cases attrib-
uted to contaminated recreational water, 3 infections follow-
ing nasal irrigation with contaminated tap water, and 1 case
where a person was infected following use of a backyard slip-
n-slide utilizing contaminated tap water [288]. The fatality rate
associated with N. fowleri infection is over 95%, and between
1962 and 2015, only 3 of the 138 infected persons in the USA
have survived infection.

Initial symptoms of PAM start 1 to 9 days after infection
and can include headache, fever, nausea, or vomiting [288].
Progressive symptoms can include stiff neck, confusion, lack
of attention, loss of balance, seizures, and hallucinations.
Cardiac arrhythmias have also been observed. The infection
progresses rapidly after initial onset and causes death within 1
to 12 days after exposure (mean of 9.9 days). Since infection
often progresses rapidly to death, there is often insufficient
time to mount a robust immune response. However, both the
innate (neutrophils, macrophages, and complement system)
and the adaptive (both T and B cells) arms of the immune
system have been shown to participate in the immune re-
sponse to N. fowleri [289].

Patients with PAM have CSF with elevated pressure that is
often cloudy or hemorrhagic, with neutrophil-predominant
pleiocytosis, elevated protein levels, and very low glucose.
Wet mounts from centrifuged CSF will show motile mono-

nucleated trophozoites measuring ~10–25 μm in size.
Additionally, trophozoites can be identified with Giemsa and
Wright stains of CSF smears combined with an enflagellation
test [289]. Confirmation can be achieved via a variety of time-
consuming methods including an immunofluorescence assay
[290], culture of CSF [291], or PCR-based methods [292].
The optimal therapy for N. fowleri PAM is still debated. The
use of intravenous Amphotericin B and fluconazole followed
by oral administration of rifampin resulted in survival of a 10-
year-old child with PAM [293]. Another child was shown to
survive following intravenous and intrathecal amphotericin B
and miconazole as well as oral rifampin [294]. Most recently,
an adolescent girl was successfully treated with the combina-
tion of azithromycin, rifampin, fluconazole, and miltefosine
[295]. Prevention is critical for this highly fatal infection and
warning PIDD patients not to use tap water for nasal irrigation
is important.

Balamuthia mandrillaris

Since its original description in 1986, over 200 cases of
B. mandrillaris infections have been described worldwide—
with most cases occurring in South America and the USA.
Balamuthia are found in soil, and acquisition of disease has
been associated with agricultural activities, dirt-biking, gar-
dening, and swimming in contaminated water sources.
B. mandrillaris is thought to enter the body of the host through
breaks in the skin and or via inhalation. The organism is be-
lieved to access the CNS through hematogenous spread,
resulting in a chronic, insidious, but often fatal granulomatous
amoebic encephalitis (GAE), which has been documented in
both immunocompetent and immunocompromised hosts
[291, 296]. The incubation period from exposure to develop-
ment of clinical symptoms is not well established and experts
believe that this may occur between 2 months and 2 years.
Finally, an alternative mode of transmission via solid organ
transplantation has also gained attention [297–299]. In many
cases, GAE is diagnosed post-mortem, due to delayed diag-
nosis or unawareness of the clinical entity.

Following infection by B. mandrillaris, two clinical pat-
terns of presentation have been described. In the first pattern,
patients initially develop a skin lesion that may resemble a
painless plaque that may evolve into subcutaneous nodules
and rarely ulcerations [300]. These patients may develop neu-
rologic manifestations weeks to months later. Histopathologic
examination of these lesions typically reveals granulomatous
reactions in the reticular dermis, associated with lymphocytic
and plasma cell infiltrates as well as multinucleated giant cells,
without distinct epidermal changes. Skin lesions will harbor
trophozoites, but these are scarce and often easily overlooked
as they resemble histiocytes. It is believed that early diagnosis
of B. mandrillaris infections in those presenting with skin
lesions may prevent subsequent development of CNS disease,
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but there have also been cases in which patients presenting
with skin lesions have progressed to developing GAE despite
treatment. In the second pattern, patients present with CNS
involvement without a previously recognized skin lesion.
Patients presenting with GAEmay initially display fever, mal-
aise, headache, nausea and vomiting, and frank lethargy.
Later, these symptoms evolve into visual abnormalities, cra-
nial nerve palsies, seizures, focal paresis; as intracranial pres-
sure builds, coma, and eventually death with tonsilar or uncal
herniation ensue within 2–3 weeks [301]. Upon infection with
B. mandrillaris, brain endothelial cells produce the pro-
inflammatory cytokine IL-6, thereby initiating an inflamma-
tory response [302]. Moreover, the amoebic trophozoites in-
filtrate blood vessel walls. Degradative enzymes, vessel wall
infiltration, and the host inflammatory responses result in tis-
sue necrosis and infarctions in the cerebral hemispheres, cer-
ebellum, and the brainstem. In a mouse model of
B. mandrillaris infection, CD4+ T cells were shown to be
protective [303], suggesting that patients with lowered num-
ber or dysfunction in CD4+ Tcells may bemore susceptible to
disease by this amoeba. However, B. mandrillaris infections
have been described in a variety of human hosts [304], rang-
ing from the young, healthy, and presumably immunocompe-
tent to the elderly, and those with HIV, chronic corticosteroid
exposure, on post-transplant immunosuppression and even
patients with CVID. As such, further research is necessary to
fully delineate the susceptibility of PIDD patients.

In patients who develop the characteristic skin lesions, rec-
ognition, testing, and treatment for B. mandrillaris may pre-
vent subsequent GAE. As such, obtaining tissue and looking
for granulomas and trophozoites is quite helpful. Skin biopsies
can be stained via immunofluorescence or immunoperoxidase
techniques to identify B. mandrillaris [305]. Additionally, a
PCR technique that identifies mitochondrial 16S ribosomal
RNA from B. mandrillaris is also available through the
CDC [306]. In patients in whom the diagnosis is confirmed
via skin biopsy, wide resection and medical treatment appears
to prevent development of CNS disease in at least a proportion
of patients. In patients presenting with CNS involvement,
lumbar punctures reveal CSF with lymphocytic pleiocytosis,
low-to-normal glucose, and mildly to significantly elevated
protein levels. Trophozoites are not typically found in the
CSF, but PCR analysis may be performed. CTor MR imaging
may show multiple nodules with ring enhancement; some of
these nodules may also contain focal areas of hemorrhage.
Biopsies of brain tissues typically reveal granulomas and
foamy macrophages and multinucleated giant cells
surrounded by lymphocytic infiltrates. Additionally, there will
be areas of necrosis filled with neutrophils, multinucleated
giant cells, and lymphocytes, with Balamuthia trophozoites
and cysts interspersed with macrophages [16]. As with the
skin biopsies, immunofluorescent and immunoperoxidase
stains may aid diagnosis and should be performed.

Unfortunately, the optimal medical management of CNS dis-
ease is unknown. In the USA, a few patients have been suc-
cessfully treated with a combination of fluconazole,
flucytosine, pentamidine, a macrolide antibiotic (either
clarithromycin or azithromycin), and one of the following
agents: liposomal amphotericin B, miltefosine, sulfadiazine,
or thoridazine [307–309]; others in Peru have been treated
successfully with fluconazole (or itraconazole), albendazole,
and miltefosine [307]. Based on these case reports, most ex-
perts recommend treatment with a combination of medica-
tions (along with partial or complete resection of nodules)
for a prolonged period of time to prevent further deterioration
and death [307–310].

Acanthamoeba spp.

The genus Acanthamoeba contains at least 24 morphological-
ly distinct species that live in a diverse array of habitats, in-
cluding soil, salt, brackish, and fresh water. Acanthamoeba
spp. have also been found in humidifiers, heating and cooling
unit components, Jacuzzis, hot water tanks, bathrooms and
drains, eye wash stations and dentistry irrigation systems,
and more. Acanthamoeba spp. have been isolated from rep-
tiles, birds, and other non-human mammals, suggesting a
broad distribution in the environment. Acanthamoeba tropho-
zoites feed on bacteria, but have also recently been shown to
harbor a number of bacteria (including Legionella and
Burkholderia spp., E. coli, Listeria monocytogenes, Vibrio
cholerae, Mycobacteria spp., Chlamydophila, and others)
and at least one virus (mimivirus) as endosymbionts.

Acanthamoeba infections in humans can present in a vari-
ety of ways. Of primary importance are CNS infections. Like
B. mandrillaris, Acanthamoeba spp. can induce GAE (de-
scribed above). There is a high predilection for GAE in those
with HIV/AIDS, patients on chemotherapy, and those receiv-
ing broad spectrum antibiotics [301]. Acanthamoeba are rare-
ly found in CSF, but some case reports indicate isolation of
amoebae by culturing CSF on bacterized agar plates. Similar
to GAE seen with B. mandrillaris, CNS histopathology may
reveal edema, multiple areas of necrosis and hemorrhage, and
occasional findings of angitis and blood vessel cuffing by
inflammatory cells, as well as occasional trophozoites or
cysts. CNS disease treatment is not standardized, but several
patients have been successfully treated with pentamidine, flu-
conazole, flucytosine, sulfadiazine, as well as miltefosine.
Acanthamoeba can rarely cause cutaneous infections; these
lesions, like GAE, are also predominantly seen in immuno-
compromised hosts. These lesions can start as nodules or pap-
ules on the lower extremities and develop into necrotic ulcers.
Histopathologic examination may reveal granulomatous der-
mal lesions in immunocompetent hosts, with histiocytes, as
well as neutrophils and plasmacytes; trophozoites are typically
visible [311, 312]. The optimal management of cutaneous
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disease is not known, but typically involves combinational
therapy with topical (e.g., chlorhexidine, gluconate, or keto-
conazole) and systemic (miltefosine, sulfadiazine, flucytosine,
liposomal amphotericin B, azole antifungals, etc.) drugs.
Additionally, nasopharyngeal and sinus infections have been
seen in people with severe compromise in immunity [313,
314]. Patients typically present with purulent nasal discharge,
and examination may reveal erosion of the nasal septum.
Nasopharyngeal disease can present concomitantly with cuta-
neous disease. Treatment of nasopharyngeal or sinus disease
is difficult and involves surgical debridement and combina-
tions of systemic drugs. Disseminated disease is also seen in
immunocompromised hosts and typically involves concomi-
tant pulmonary and cutaneous disease in the presence or ab-
sence of CNS infection.

Keratitis readily occurs in immunocompetent hosts—with
the major risk factor being contact lens wearing without prop-
er adherence to recommended cleansing protocols. This infec-
tion less commonly presents as a result of direct inoculation
with trauma. One of the most common reasons for contact lens
wearers to acquire disease is due to the use of non-sterile tap
water in preparing contact lens saline solutions [315], al-
though contaminated solutions from manufacturers have also
been identified. Patients will have pain and photophobia.
Physical exam reveals conjunctival injection and epithelial
abnormalities (including pseudodendritic lesions) and stromal
infiltrates [316]. The proper diagnosis can bemade by staining
corneal scrapings with calcofluor orWright-Giemsa stains and
examined by confocal microscopy, culture, or PCR analysis.
Prompt therapy with a combination of polyhexamethylene
biguanide (or biguanide-chlorhexidine) and propamidine or
hexamidine [317, 318] is indicated, but misdiagnosis and de-
layed therapy are common. More severe cases may also re-
quire debridement. The use of topical steroids before admin-
istration of combinational therapy may result in worse out-
comes and should be avoided; however, if scleritis ensues, it
may be necessary to use immunosuppressants to reduce the
need for enucleation. Severe and/or refractory cases may re-
sult in the need for cornea transplantation.

Section 3: Manifestations and Infection Unique
to the Immune-Deficient Patient

Phenotypes Seen in PIDD

PIDDs display wide genetic and phenotypic heterogeneity
[319]. Similar disease phenotypes may be caused by multiple
genes, while patients’ phenotypes caused by the same gene
and even by the same mutations vary between individuals.
Importantly, after a novel PIDD has been described, subse-
quent reports often reveal a wider variation in associated in-
fections and cellular findings, often without clear genotype-

phenotype correlations [320–324]. Variation may be caused
by mechanisms such as other contributing genes or geograph-
ical variation in infectious exposures. Geographic differences
seem most pronounced in intracellular and often chronic in-
fections. While the numbers of described PIDD patients in-
crease, at first seemingly rarely PIDD-associated infections
turn out to be found in a significant subset of PIDD patients
[325–327]. For example, patients with CD40L deficiency liv-
ing in endemic areas display susceptibility to bartonellosis and
paracoccidioidomycosis, infections not described in European
and US cohorts [157, 328, 329].

Often, an infectious phenotype previously only described
in secondary immunodeficiencies may reveal the possibility
of an underlying primary immunodeficiency [327, 330, 331].
Increasing numbers of genetic defects causing early-onset,
severe, and recurrent susceptibility to commonly circulating
pathogens like pneumococci, tuberculosis, herpes simplex,
and influenza viruses as well as endemic protozoans like try-
panosomes and fungi are being recognized, and thus, infec-
tions with unusual pathogens require a high index of suspicion
for PIDD [332]. In contrast, PIDDs may also manifest as
suspected infection but sterile inflammation. For example, in
inflammatory lesions like granulomas and necrotizing fasciitis
where no clear pathogens are found, one needs to rule out
aberrant host responses due to PIDD [333].

Chronic viral and fungal infections may also display novel
phenotypes never or rarely seen in secondary immunodefi-
c i enc i e s . I n f e c t i on s l i ke de rma tophy to s i s and
phaeohyphomycosis deeply infiltrating the skin and lymph
nodes, occasionally extending to bones and central nervous
system (CNS) as well as predisposition to primary CNS can-
didiasis and extrapulmonary Aspergillus slowly revealed the
full phenotypic spectrum of CARD9 deficiency [44, 324,
334]. Chronic skin ulcers caused by HSV-1 and severe
molluscum contagiosum suggest DOCK8 deficiency or
gain-of-function mutations of STAT1 [320, 323]. Chronic mu-
cocutaneous candidiasis has revealed a large group of mono-
genic diseases (IL17RA, IL17RC, IL17F, STAT1 (GOF),
RORX, ACT1), which may also be associated with recurrent
bacterial infections or syndromic features [335]. While novel
diseases by newly described viruses are being discovered, one
needs awareness to suspect these in PIDD patients [336].

Interestingly, most novel forms of infectious disease in
PIDD patients have been described either in easily accessible
sites like the skin or in immunologically privileged, normally
sterile sites like the CNS. This suggests that with the increas-
ing use of invasive sampling and sensitive metagenomic ap-
proaches, we might find more novel infectious phenotypes.
Pathogens highly suggestive of certain PIDDs, like chronic
enteroviral CNS infections in XLA patients are reviewed
above. In hypomorphic mutations, CNS seems to be especial-
ly vulnerable to chronically active and/or recurrent novel in-
fectious Bsmoldering^ focal encephalitis lesions by pathogens
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like HSV-1 and Candida [337]. Patients with IFNAR2 defi-
ciency seem highly susceptible to CNS disease caused by
MMR vaccine, an otherwise extremely rare phenomenon
[187]. Recently, a case of noroviral CNS disease was de-
scribed associated with a novel, yet unpublished PIDD, sug-
gesting that some PIDDs may lead to susceptibility of the
CNS to viruses that normally do not exhibit neurotropism
(Casanova JL, personal communication). This again favors
metagenomic approaches in the study of CNS sequelae in
PIDD patients. In PIDDs, the CNS is also more vulnerable
to virally induced immunodysregulation [325]. Conditions
like primary hemophagocytic lymphohistiocytosis (HLH)
may present as isolated CNS disease or relapse only in the
CNS [338–340].

Almost 20% all human malignancies are associated with
chronic infections by HBV, HCV, HPV, EBV, HHV8/KSHV,
HTLV-I, HIV-1, HIV-2, JCV, Merkel cell polyomavirus
(MCPV), Helicobacter pylori, schistosomes, or liver flukes
[341]. Accordingly, PIDD patients’ malignancies are often
associated with chronic infections. MCPV-associated Merkel
cell carcinoma has now been described in GATA2 and TMC8
(EVER2) deficiencies as well as other forms of PIDD [330,
342–346]. Large follow-up cohorts are needed to refute or
confirm associations between novel PIDDs and malignancies,
such as hyperactivating PIK3CD and ovarian dysgerminoma
or GATA2 deficiency and leiomyosarcoma [329, 347].
Recently, Hymenolepis nanawas found to have driven malig-
nant transformation in an HIV patient. Likely, other novel
PIDD- and pathogen-associated malignancies will be found
in the future by those with an open and inquisitive mind [348].

Infections Unique to Specific PIDDs

Understanding the specific infection susceptibility for each
PIDD allows not only a better understanding of host defense,
but also allows the clinician to collaborate with the microbi-
ology laboratory to make definitive diagnoses and provide the
best therapy. Reviewing all of the infections for each PIDD is
not within the scope of this article, but there are several infec-
tions that are unique for specific PIDDs and require special
attention from the microbiology laboratory. Three examples
are provided below.

Granulibacter bethesdensis

G. bethesdensis is a Gram-negative bacterium that was iden-
tified to cause disease in patients with CGD in 2006 [349].
G. bethesdensis is a member of the methylotroph group of
bacteria, which are able to use single-carbon organic com-
pounds as their only source of energy. They are widespread
in the environment, but are rare human pathogens, and infec-
tions with G. bethesdensis have been limited thus far to pa-
tients with CGD. The organism was first detected in an adult

patient with indolent and recurrent necrotizing lymphadenitis
[349]. Subsequently, G. bethesdensis was isolated from nine
patients with CGD, primarily causing lymphadenitis, but there
have been two fatalities [350]. Treatment has been most effec-
tive with intravenous ceftriaxone. The microbiology laborato-
ry should be alerted when there is concern forG. bethesdensis
infection to allow for proper culture media. Charcoal yeast
extract (CYE) agar and Lowenstein Jensen (LJ) media are
appropriate culture media.

Mycoplasma and Ureaplasma spp.

As molecular techniques are becoming more widely used to
detect pathogens, the spectrum of infections that were previ-
ously only detected through serologic assays and research
laboratories will increase. This is important especially for pa-
tients with PIDD who have unique susceptibility to infection
and may not have the ability to mount a serologic response.
Examples of infections in this group are those caused by
Mycoplasma and Ureaplasma [351, 352]. These pathogens
have been known to cause osteoarticular infections for those
with antibody deficiency, such as XLA and CVID. Recently,
Mycoplasma orale, typically an oral commensal, has been
isolated from two patients with defects in the activated PI3K
delta syndrome, as chronic lymphadenitis in one and chronic
splenic abscess in the other (SM Holland personal communi-
cation). Defects in PI3KCD and PI3KR are frequently associ-
ated with hypogammaglobulinemia and therefore would fit in
the pattern of Mycoplasma infections in those with humoral
immunodeficiency. Mycoplasma orale has also previously
been reported as causing bone disease in a patient with
CVID [353].

Helicobacter/Campylobacter/Flexispira

In patients with XLA, Helicobacter, Camplyobacter, and
the related Flexispira bacteria that are typically isolated to
the GI tract can disseminate and often lead to chronic
bacteremia, ulcers, and bone infections [354–356]. XLA
patients have higher susceptibility than other humoral
PIDD and are thought to be due to the role that IgM is
playing in controlling the dissemination of these patho-
gens and potentially IgA in providing mucosal immunity.
These bacteria can be fastidious to grow, and therefore,
when there is suspicion, identification needs collaboration
with the microbiology laboratory. For instance, the blood
culture media may allow growth (although with a longer
incubation period), but then the organisms may need mo-
lecular techniques for identification, such as 16 s sequenc-
ing, as they will not grow on the agar plates. Treatment is
often difficult, requiring combination antimicrobials for
prolonged periods (such as 1 year), and relapse is
common.
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Conclusions

This review provides an important perspective for practicing
immunologists, namely that we are a part of a global commu-
nity as are our patients. This overview of emerging infections
and infectious concerns for travelers serves as a foundation for
practical considerations for clinicians and patients. Using
prevalence data, an estimation of the number of infected pa-
tients with PIDD (Table 10) can be developed [25, 130,
357–360]. Thus, the concerns addressed in this review are
not theoretical but impact a considerable number of patients
already.

Resources for Clinicians

The landscape of emerging infections is by its nature highly
dynamic. During the preparation of this manuscript, a mumps
outbreak in the USA occurred, a new bunyavirus outbreak
causing an HLH picture was reported (severe fever with
thrombocytopenia syndrome), a new outbreak of the hantavi-
rus Seoul virus occurred, and an enlarging demographic of the
H7N9 influenza virus was reported. This review lists several
resources, many of which are updated in real time to support
efforts to provide information to patients. Doctor’s Guide
alerts can be sent weekly to provide updates on current out-
breaks around the world.

& WHO Fact Sheets
& www.who.int/mediacentre/factsheets

– WHO Global infectious disease surveillance

– http://www.who.int/mediacentre/factsheets/fs200/en/
– WHO Disease Outbreak News
– http://www.who.int/csr/don/en/

& CDC Division of Vector-Borne Diseases
& https://www.cdc.gov/ncezid/dvbd/index.html
& CDC Emerging Infectious Diseases Journal
& https://wwwnc.cdc.gov/eid/
& European Centre for Disease Prevention and Control

(ECDC) Data & Tools
& http://ecdc.europa.eu/en/data-tools/Pages/home.aspx
& Infection Prevention and Control Canada: Alerts and

Recalls
& http://ipac-canada.org/ipac-canada-alerts-and-recalls.php

– IPAC Resources/Publications
– http://ipac-canada.org/resources.php
– IPAC Surveillance and Statistics Links
– http://ipac-canada.org/surveillance-statistics-resources.

php
– IPAC Bioterrorism, Ebola, West Nile Virus, Zika Virus

resources:
– http://ipac-canada.org/bioterrorism-resources.php, http://

ipac-canada.org/ebola-virus-resources.php, http://ipac-
canada.org/west-nile-virus-resources.php, http://ipac-
canada.org/zika-virus-resources.php.

& National Institutes of Health (NIH) Curriculum
Supplement Series: Understanding Emerging and Re-
emerging Infectious Diseases (book on line)

& https://www.ncbi.nlm.nih.gov/books/NBK20370/

Table 10 Projected infection
frequencies in patients with PIDD Estimation of PIDD patients Pertussis

(Range)

Rickettsia

(estimate)

BCG

(range)

Europe 373,300 57–165 0–37

France 32,794 0–14 0–3

Africa 629,485 3–278 38 1–63

North Africa 117,254 0–52 7 0–12

Morocco 17,797 0–8 1 0–2

Northern America 183,428 18–81 3 0–18

USA 164,869 17–73 2 0–16

Latin America 327,020 12–145 0–33

Asia 2,261,549 81–1000 2–226

Japan 63,653 1–28 0–6

Iran 40,878 0–18 0–4

Oceania 20,436 9 0–2

Australia/New Zealand 14,769 7 0–1

Worldwide 3,795,218 381–1677 4–380

Based on PIDD prevalence of 50.5/100,000 population
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& Arizona Department of Health Services Vector-borne and
zoonotic diseases program

& http://azdhs.gov/preparedness/epidemiology-disease-
control/vector-borne-zoonotic-diseases/index.php

& Pennsylvania West Nile Virus control program
& http://www.westnile.state.pa.us/
& Pennsylvania Department of Health: Zika virus

surveillance
& http://www.health.pa.gov/My%20Health/Diseases%

20and%20Cond i t i on s /U -Z /Z ikav i r u s /Page s /
ZikaVirusHomePage.aspx#.WFAMNoWcEcQ

Doctor’s Guide Alerts can be set to provide real time up-
dates from worldwide validated sources on infection
outbreaks.

http://dgalerts.docguide.com
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