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Invasive aspergillosis (IA) is the most serious mold infection encountered in patients with iatrogenic immunosuppression. IA is also
a major cause of mortality and morbidity in individuals with primary immunodeficiency (PID). Although Aspergillus fumigatus is
the most common etiologic agent of IA reported in PID patients, followed by A. nidulans, multiple poorly recognized Aspergillus spe-
cies such as A. udagawae, A. quadrilineatus, A. pseudoviridinutans, A. tanneri, A. subramanianii, and A. fumisynnematus have been
reported almost exclusively from patients with inborn defects in host antifungal defense pathways. Infection in PID patients exhibits
patterns of disease progression distinct from those in iatrogenic immunosuppression. Specifically, the disease can be extrapulmo-
nary and chronic with a tendency to disseminate in a contiguous manner across anatomical planes. It is also more refractory to
standard antifungal therapy. This synopsis summarizes our understanding of emerging rare Aspergillus species that primarily affect

patients with PIDs but not those with acquired immunodeficiencies.
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Aspergillus species are one of the most ubiquitously found
saprophytic molds in soil and decaying vegetations, with a
potential to cause opportunistic disease primarily in patients
with defective immune systems [1]. Reports of aspergil-
losis have increased, mainly due to the increasing number of
individuals with immunodeficiency and advances in life sup-
port systems [2]. Although invasive aspergillosis (IA) is most
commonly recognized among the population with acquired
immunodeficiency (secondary immunodeficiency), the num-
ber of primary immunodeficiencies (PIDs) recognized as
underlying conditions predisposing to mycoses is increasing,
most often in children and young adults [3]. PIDs are rare
congenital genetic disorders, mostly due to abnormalities in
a single gene that enhance susceptibility to autoimmunity or
infectious disease [3]. Consequently, patients may encounter
recurrent, protracted, or severe infections due to pathogens
including fungi [4]. Among the known congenital primary
immunodeficiencies at risk for IA discussed here are chronic
granulomatous disease (CGD), autosomal-dominant (AD)
hyper-IgE syndrome (HIES; also known as Job syndrome), AD
deficiency in GATA?2 (also known as MonoMAC, monocyto-
penia syndrome, B-cell and NK-cell lymphopenias), AD or AR
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(autosomal-recessive) severe congenital neutropenia (SCN),
LAD (AR type I leukocyte adhesion deficiency), also called
CD18 deficiency, and caspase recruitment domain-containing
protein 9 (CARDY) deficiency [3]. Aspergillus fumigatus is
the primary cause of IA in individuals with PIDs, followed by
A. nidulans, due to its propensity to cause infection in patients
with CGD [5]. Other aspergilli also documented to infect
PID patients include A. pseudoviridinutans [6], A. tanneri [7],
A. udagawae (8], A. flavus [9], A. niger [10], A. calidoustus [11],
A. quadrilineatus [12], A. fumisynnematus [13], and A. subra-
manianii. Without proper identification of the etiologic agents
and adequate therapy, IA results in high mortality rates regard-
less of the species involved [14]. This paper focuses on the
important mycological features of emerging non-fumigatus
Aspergillus species reported from IA cases in PID patients.

DISTRIBUTION OF PATHOGENIC SPECIES IN
DIFFERENT SECTIONS OF ASPERGILLUS

The genus Aspergillus contains more than 250 species, which
are subdivided into 22 distinct sections. Of these, 13 sections,
including Candidi, Circumdati, Flavipides, Fumigati, Nidulantes,
Nigri, Ornati, Restricti, Tanneri, Terrei, Usti, Versicolores, and
Warcupi, contain clinically relevant species (Figure 1) [15].
Aspergillus fumigatus in the section Fumigati is the primary
etiologic agent of 1A, and its inhaled conidia can cause multiple
diseases depending on the host immune status. The spectrum
of disease includes invasive pulmonary infection, disseminated
disease, fungus ball (aspergilloma), and various hypersensitivity
diseases such as allergic bronchopulmonary aspergillosis, allergic
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Figure 1.  Phylogenetic tree inferred from combined B-tubulin, Calmodulin, MCM7, and RPB2 genome sequences. A black arrow indicates 5 well-known pathogenic species
of Aspergillus, and a red arrow identifies other emerging aspergilli reported primarily in patients with underlying primary immunodeficiency. Thick branches indicate >35%
bootstrap support; numbers above nodes are Bayesian probabilities greater than 0.90. Abbreviations: MCM7, Minichromosome Maintenance Protein 7; RPBZ, RNA polymer-
ase Il second largest subunit.
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asthma, and hypersensitivity pneumonitis [16]. However, asper-
gillosis caused by emerging poorly recognized species morpho-
logically similar to A. fumigatus in patients with PID may exhibit
differences in the clinical presentation, kinetics of tissue inva-
sion, and susceptibility to antifungal therapy [17].

HUMAN PIDS ASSOCIATED WITH INVASIVE
ASPERGILLOSIS

There are more than 200 different forms of PIDs, which are clas-
sified into 9 subclasses, depending on their underlying immu-
nologic defect or predominant manifestations. Globally, a total
of ~77 000 patients are registered as having a specific PID [18].
Table 1 summarizes the PIDs in which IA has been documented.

CGD
Ten Aspergillus species including Aspergillus fumigatus, A. nidu-
lans, A. calidoustus, A. flavus, A. niger, A. terreus, A. udagawae,
A. pseudoviridinutans, A. quadrilineatus, and A. tanneri have
been documented from IA cases in CGD patients [3]. A. fumiga-
tus is the primary etiologic agent (estimated ~55%), followed by
A. nidulans (~35%), a species that is almost exclusively associated
with IA in CGD but not encountered in patients with iatrogenic
immunosuppression [5]. The reasons for the unique association
of A. nidulans with CGD patients are not completely under-
stood. It has been suggested that A. nidulans is less virulent than
A. fumigatus due to the lower content of N-acetyl-galactosamine
(GalNAc) in the galactosaminogalactan (GAG), an exopoly-
saccharide bound to the cell wall. GalNAc mediates adherence
and is required for full virulence. The lower content of GalNAc
in GAG was due to the low expression of the Uge3 gene, which
encodes glucose epimerase [19]. This may partly explain why
A. nidulans rarely infects patients without CGD. However, the
lower virulence level of A. nidulans does not explain the reason
for the unique association with CGD and not with other PIDs.
In CGD patients, aspergillosis is almost always subacute to
chronic, regardless of the etiologic agent involved, and does not
spread hematogenously because of the lack of angio-invasion.
Unlike in patients with acquired immunosuppression, dissem-
ination of Aspergillus to the lung, to the chest wall, and into the
ribs or vertebrae is common [5].

AD and AR SCN Syndromes

IA caused by unspeciated Aspergillus has been reported in SCN
patients harboring heterozygous mutations in the ELA2 gene.
Although profound neutropenia is the highest risk factor for
aspergillosis in patients with acquired immunosuppression,
fungal infection in general and aspergillosis in particular has
rarely been documented for SCN patients [20], indicating that
mononuclear phagocytes may compensate for the lack of neu-
trophils in these patients.

AR Type | LAD (CD18 Deficiency)
Though rare, IA due to unspeciated Aspergillus has been
reported in patients with LAD type 1. Aspergillosis has also

been associated with LAD type II (genetic defect undeter-
mined) [21], in which adherence and migration of granulocytes
are diminished due to a carbohydrate fucosylation defect.

AD GATA2 Deficiency (MonoMAC Syndrome)

The incidence of IA in this population has been estimated to
be ~17%, but the species distribution of the etiologic agents
remains unknown [22].

AD Hyper-IgE Syndrome (AD-HIES)

In a recent French national survey of AD-HIES patients, 13 of
60 patients in the cohort (22%) had invasive aspergillosis and/
or colonization [23]. Similarly, 25% of AD-HIES patients from
the National Institutes of Health (NIH) cohort [24], particu-
larly those with underlying structural lung disease, developed
IA. The Aspergillus species causing infection in these cohorts of
patients were not specified [24]. Recently, A. fumisynnematus
was identified in a patient with underlying STAT3 haploinsuffi-
ciency caused by a novel STAT3 splice site mutation. The patient
had elevated IgE, allergic rhinitis, eosinophilic esophagitis, and
fatal IA due to this species [13].

CARD9 Deficiency

In 2016, Rieber et al. [25] reported extrapulmonary A. fumigatus
infection in 2 unrelated patients age 8 and 18 years with CARD9
deficiency. The younger patient died at age 12 with progressive
intra-abdominal aspergillosis, whereas the second developed
central nervous system IA at age 18 and intra-abdominal asper-
gillosis at age 25. Neither patient presented with pulmonary
infection, and their neutrophils failed to migrate to the extrapul-
monary site of infection. The mutations in these patients were
identified as homozygous M11 CARD9 and homozygous Q295X
CARDS9, respectively. Lack of pulmonary infection by A. fumig-
atus in these patients with PID is noteworthy as the primary
disease caused by A. fumigatus in patients with secondary
immunodeficiency is invasive pulmonary infection [2].

Cystic Fibrosis

Although cystic fibrosis is not in the general category of PID,
it is worth mentioning that cystic fibrosis patients are predis-
posed to allergic bronchopulmonary aspergillosis and their res-
piratory secretions often contain various common Aspergillus
species. Cystic fibrosis is a genetic disorder caused by mutations
in the gene encoding the transmembrane conductance regula-
tor protein [26].

MYCOLOGY

Poorly Recognized Aspergillus Species Documented From Cases of IA in
Patients With PIDs

The exact Aspergillus epidemiology in patients with PIDs is not
known because of infrequent culture isolation compounded by the
lack of proper species identification. In many cases, the etiologic
agents are reported simply as “Aspergillus” However, it is clear that
A. fumigatus and A. nidulans are the most frequently reported
Aspergillus species in patients with PIDs [3]. These 2 species and

Aspergillus and Primary Immunodeficiencies « OFID « 3



|B}UBBUOD 818A8S ‘NS S|[99 JB||IY [BINIBU YN ‘17 10308} 01]0S03AD [Iydoainau ‘4N ‘g 10308} 91|0S0IAD [lydosinau ‘Z4DN 1 1030.j 01j0S03AD [1ydosnau ‘| 4DN !

‘gouelLIBYUI PaXUIl-X “TX ‘Se1AooydwAl-| ‘| ‘seluadoinau

ydoainau ‘N ‘seluadoydwA| (|80 YN pue ‘|80 g ‘eluadolAD0UOW JO SUIOIPUAS ‘SWIOIPUAS DVIA

ouol ‘sabeydoloeu—salAoouow ‘| ‘| 8dAl serousiolep uoisaype 81A00%na| ‘| gy ‘se1AooydwA| ] ‘z-e1eq uubelul ‘zgo ]| ‘seuwloipuAs J6j=-edAy ‘STIH ! LX ulel0id pa1eIoosse-|SOTH (LXVH ‘g ulelod Bulpuig Iy ‘ZVIVD ‘passaidxe-jiydoinsu asel

-se|e ‘'gNv13 ‘s||8o o

pusp ‘D@ ‘HUNGNS B18q g WOIYO0IAD ‘ggAD Hungns eydie g 8WOIYO0IAD ‘YgAD ‘8Seasip snojewojnuelB o1uolyo ‘qo?) ‘serkooydwAl-g ‘g ‘eouellieyul SAISS8081 [BUIOSOINE Yy ‘90UelISYUI JUBUILIOP [BULIOSOINE ‘QY SUONRIABIGAY

sisooAwoydAyoseyd
‘(yb1y) siso1Aydorewssp
deap ‘(ybly) weisAs
SNOAJSU [B1IUSD BY)
Buinjoaur Ajjeaiyioads

JUBWIIINIOSI

Auunwwi

snjebiwny v/ 'SISBIPIPUBD SAISBAU| Ajleuoisedo Jlydosinau pasredw| N uv 604V 10 suoneinin 9]euUul pue dISuliul Ul S19840Q
&1vLS
SuonovUI uondiosuel) JoIoleAlloe
(9%08~) Siselpipued [esoonw SaIlARD |eu1oeq Aseuownd 108)09p pue Jaonpsuel} [eubis ul
suelnuipuiropnsd vy ‘(Aja1el) $150000001dAID Bun| yum Joud jo ynsal e se s|leo g (snoauejuods) suoleinw snobAzoielay (ewoIpuAs S9.IN1ea} OIWOIPUAS IO Pa1eIdoSSe
“ds snjjibsadsy ‘sisowse|dolsiH  sjuened ulybiH  esessip Bun| [einjonig ‘S|[@d | OAOU 8p Uayo ‘gy aAnebau-luBUILOQ gor) SIIH-AY  YHM S8I0USIdIePOUNUILI PAUIGUIOD
(owoipuAs Jagquinu
semebepn Y/ snibulusw g+3¥N+2d S||90 wals DVIA OUOIA]) a1A006eyd
““ds snjbiedsyy  |€900001dAID ‘sisowse|dolsiH %02~ seluadolAo abes |esoyduad+salAoouow+N av 40 SSO| :ZV/[Y/D Ul uonein|z Aousidlyep ZvIVO 0 S10840Q
AL0IX0301A0 8Lao (Lavn Ajnow
SN/L ‘sisoiAoopus surejoid uoiseype oy | 8dA} saiousiolep a1A006eyd
“ds snyibiadsy (Ajo1el) Siselpipued aAISeAU| Ajaley ‘sIxelowsyp ‘aouslaypy SN+THAN+N yy uleYyo g :zgo./ ui uonenjn uoisaype 81Ao03na 10 s10840Q
sisojdode (eseasip
“ds snyjib1edsyy (Aj21e1) SISEIPIPUBD BAISEAU| Ajoiey uoljeiualalp pIojeAN N [\ 40 |0J3UOD i X\/H Ul uoieIn|z uuewisoy) ENIS (Q)
(seluadoiinau
sisojdode |enuabuod)
pesealoul ‘asuodsal slaquinu
uiel04d pap|ossiw (Aouaiolyep |iydosinau
“ds snyjibiadsy (Ajo1el) SIselpIpueDd aAISEAU| Ajaley uollenuaIayIp pIojAN N av INVTT Ul uonenjy ase1se|d) LNDS (e) 10 s10840Q
(Aja1e1) SIseIpIpued BAISEAUl (uononpoud
‘(A]leuoiseod0) opixosedns (xoydppd) uieroud Aousiolyep
SUOIOBUI PlOW JOYIQ ubIH an1088p) Bu N+N v Buneninoe 4N Ul uoneIny xoydoyd-ano (8)
(Ajo1el) SISeIpIpUBD SAISEAU] (uononpoud
(Aj|euoISE220) apixosadns (xoydz9d) uieyoid Aouaioljep
SUOI08JUI pjow J8y1Q ybiy aAN108)ep) Bu N+N uv BuiieAinoe :z4HN Ul uonein|z xoydz9d-go) (p)
(Ajoueu) SiseIpipued 8AISeAu| (uononpoud
‘(Ajleuoiseo20) apixosadns (xoyd/d) uieyoid Aousiolyep
Suonosiul pow JsLo uoIH aAI08}ep) Bul|iy N+N qv Jerdepe [ JON Ul uonenjy xoydzyd-g9J (9)
(AjeJel) siseipipued aAIseAul (uononpoud (xoydzzd)
‘(Ajjeuoiseo20) apixosedns uierold Liodsuenn Aousioljep
SuoRdBUI plow JsYo UbIH aAnoa}ep) Bull N+N qv uo1j0918 [ygAD Ul uoneinin xoydzzd-goo ()
sne.g} 'y
‘semebepn 'y
‘usuue]
‘suejnuipLiropnasd
"abiu "y
‘sueinpiu v/ uonouny
‘snyeauljpenb v (1sing Jo/pue
‘snjewusuuAsiwny v/ Alojelidsel) slaquinu
‘snjebiwny v/ (Aj21e1) ‘SISBIPIPUBD SAISBAU| (uononpo.d (xoyd|gdb) uonouny a1A006eyd
‘snaejy 'y (AjleuoISe220) apixosadns urejoid podsueny Aousiolyep 91A006eyd }JO s108)0p
‘snisnopijeo 'y SUOII08JUI pjoW JBYIQ ybIH aA110848p) Bul||y N+N IX u01308|8 :ggAD Ul UOIBINIA xoyd | gdB-go) (e) 10 s10840Q |enuabuo)
so10adg SUOI1084U| siso||ibiedsy 01 si1so||1B6iedsy S||9D duNWU| Pa1dayY QouelIayu| sisauaboyied aseasiq AloBaie)
snyibiadsy payoday |leBung Jay1Q 01 Aljigndaosng 1ndeosng 01 Al[Ig1nda2snS YIIAA pawinsalid/198jeQ
pa1eId0SSY UoouN olleuen
aunWIW| paloapy
sisojifiadsy yupn pajelsossy sqid jo Aofisyeg | ajqep

4 « OFID « Seyedmousavi et al



their pathogenicity have been exhaustively reviewed. Aspergillus
flavus, A. terreus, and A. niger are also well-characterized species
that cause IA both in patients with PIDs and in those with iat-
rogenic immunosuppression [27]. The present discussion focuses
largely on emerging, poorly recognized, non-fumigatus Aspergillus
reported from patients with PIDs. In Figure 1, these species are
marked with red arrows in the sections Fumigati, Nidulantes, Usti,
Circumdati, and Tanneri, and Figure 2 shows conidial structures
of the 5 least studied species. The well-known species are marked
with black arrows. Table 2 summarizes the major characteristics
and the outcome of IA caused by these species.

Aspergillus calidoustus

Aspergillus calidoustus belongs in the Aspergillus section Usti and
is a relatively widespread species isolated from the indoor envir-
onment [28], although it is rarely reported from clinical cases. The
species can be differentiated from other related species such as
A. ustus or A. granulosus by its growth at >37°C and from A. pseu-
dodeflectus by its low susceptibility to antifungal drugs [29].

A. calidoustus caused cerebral aspergillosis in an X-linked
17-year-old CGD patient who also underwent allogeneic
hematopoietic stem cell transplantation (HSCT) [11]. The
patient was treated with liposomal amphotericin B, but the brain
abscess recurred; the patient died from a brain hemorrhage
after a second operation. His underlying CGD combined with
acquired immunodeficiency due to HSCT contributed to the
susceptibility to this rare pathogen. Interestingly, A. calidous-
tus has been increasingly isolated from transplant populations,
especially those who have had lung transplantation [28].

Aspergilus fumisynnematus

Aspergillus fumisynnematus, a member of section Fumigati, was
first isolated from soil with the maximum growth temperature
of 45°C [30]. The species is morphologically similar to other
members of the section Fumigati, and identification requires
a molecular method. However, synnemata production in aged
culture on malt extract (ME) agar medium can be its unique
feature within the section Fumigati.

Isolation of A. fumisynnematus from the bronchoalveolar
lavage of a patient was tested for its susceptibility to antifun-
gal agents, but patient information was lacking [31]. Recently,
A. fumisynnematus was recovered from 2 PID patients with
aspergillosis. In 1 case, a 37-year-old man with STAT3 haplo-
insufficiency caused by a STAT3 splice site mutation had pro-
gressive infection of sinuses, orbital apex, and cavernous sinus
[13]. The patient was treated with a combination of voricona-
zole, amphotericin B, posaconazole, micafungin, and terbin-
afine, in addition to surgical removal of the infected portions
of the sinuses. However, the patient died 1 year after surgery
due to uncontrollable brain invasion by the species [13]. The
second case, a 4-year-old X-linked CGD patient hospitalized
at the NIH, suffered from A. fumisynnematus infection in his
spine and pelvis, with a probable primary lung lesion and pos-
sible dissemination to the brain. Radiographic evidence of scar-
ring in his lung was suggestive of initial pulmonary infection.
Amphotericin B therapy failed to arrest the disease, but aggres-
sive therapy with voriconazole and granulocyte transfusions
stabilized the brain lesion. A. fumisynnematus is susceptible to
triazoles but is significantly more resistant to amphotericin B
than A. fumigatus (Table 3).

Aspergillus pseudoviridinutans

Aspergillus viridinutans belongs to Aspergillus section Fumigati,
first isolated from rabbit dung in Australia and subsequently
documented in human clinical isolates around the world [32].
Recently, significant genetic diversity was found among strains
of A. viridinutans, and some clinical strains have been reclas-
sified to 4 closely related new cryptic species, A. pseudoviridi-
nutans, A. felis, A. pseudofelis, and A. parafelis [33]. Among
these 4 clinically relevant species, only A. pseudoviridinutans has
been reported from patients with PID; 1 from a CGD patient
and the other from a patient with AD-HIES syndrome [6]. Both
cases were reported in 2009 using the old name of A. viridinu-
tans [6]. The clinical manifestation of A. pseudoviridinutans
infection was similar to that of A. udagawae and distinct from
A. fumigatus. The infection was chronic and disseminated in a

Figure 2.

Micromorphology of emerging rare Aspergillus species associated with primary immunodeficiencies. A, A. fumisynnematus (adopted from Samson et al. with

permission). B, A. pseudoviridinutans (adopted from Sugui et al. with permission). C, A. subramanianii (adopted from Visagie et al. with permission). D, A. tanneri (adopted
from Sugui et al. with permission). E, A. udagawae (adopted from Vinh et al. with permission).
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Table 3. Antifungal Susceptibility Profile of Non-fumigatus Aspergillus
Species Causing Invasive Aspergillosis in Patients With Primary
Immunodeficiencies, Using CLSI Broth Microdilution Method

MIC/MEC, pg/mL

Aspergillus spp. AmB VRC ITC POS

A. calidoustus 2 810 16 4t0 16 81016

A. fumigatus 0.5 0.5 0.5 0.125

A. fumisynnematus 4 0.25 0.5 0.25

A. nidulans 2 0.25 0.5 0.25

A. pseudoviridinutans 2t08 1t08 110 16 <0.016t0 0.5
A. quadrilineatus 0.5 0.5 0.125 0.25

A. subramanianii 2 0.5 0.25 0.25

A. tanneri >16 4 4 0.5

A. udagawae 0.5t02 1to4d 1to4 0.251t0 0.5

Abbreviations: AFG, anidulafungin; AmB, amphotericin B; CAS, caspofungin; MIC, mini-
mum inhibitory concentration; MEC, minimum effective concentration; ITC, itraconazole;
POS, posaconazole; VRC, voriconazole.

contiguous spread and appeared to be refractile to antifungal
therapy. A. pseudoviridinutans grows at 37°C, with an interme-
diate growth rate between A. fumigatus (fast) and A. viridinutans
(slow). The A. psuedoviridinutans colonies attain a diameter of
5.5 to 6.5 cm on ME agar, as well as on CzapeK’s solution agar, in
5 days. Colonies on ME agar are white with dense aerial hyphae
and scant conidiation with yellow colony reverse. The A. pseu-
doviridinutans growth patterns at 42°C and 37°C are similar, and
it fails to grow at 50°C [15]. The species has decreased suscepti-
bility in vitro to both amphotericin B and azoles compared with
A. fumigatus (Table 3) [6].

Aspergillus quadrilineatus

Aspergillus quadrilineatus (syn. = Emericella quadrilineata) is
a soil fungus commonly isolated in tropical countries [34]. It
belongs to the Aspergillus section Nidulantes and is a sibling
species of A. nidulans. A. quadrilineatus grows faster on both
Czapek’s and ME agar media at 30°C and 37°C than at 25°C.
Conidial structures of A. nidulans and A. quadrilineatus can
not be distinguished, but the length of conidiophores tends
to be slightly shorter in A. quadrilineatus. The 2 species can
be differentiated with certainty by their number of ascospore
crests depicted in scanning electron microscopy: 4 crests in
A. quadriliniatus vs 2 crests in A. nidulans ascospores. The 2
species can also be readily distinguished by DNA sequencing
(Figure 1) [12]. Despite the close morphologic and genetic
relatedness, the 2 species differ significantly in their in vitro
susceptibility to amphotericin B and caspofungin (Table 3).
However, the triazoles are active in vitro against both species
[12].

Although A. nidulans causes IA primarily in CGD patients,
infection due to A. quadrilineatus has been documented in
both CGD and cancer patients [12, 34]. In fact, IA caused by
A. quadrilineatus in 2 of 3 CGD patients was originally reported
as A. nidulans based only on the conidial structures [12].

Aspergillus subramanianii

Aspergillus subramanianii belongs to the Aspergillus section
Circumdati and produces yellow to ochre colonies owing to
the yellow-colored conidia and sclerotia that do not turn
black. The section Circumdati members can be distinguished
from each other based on morphological characteristics,
along with DNA sequences and extrolite profiles [35]. Unlike
some species in the section Circumdati, A. subramanianii
produces ochratoxin A inconsistently and/or only in trace
amounts. It has been isolated from house dust samples in
Mexico, air from Panama, and shelled Brazil nuts in Canada
[35].

Aspergillus subramanianii produces faster-growing colonies
on CzapeK’s yeast autolysate agar at 37°C (4.5-5 cm in diameter
after 7 days) compared with its phylogenetically close species in
the section Circumdati. On ME agar, the colony surface is floc-
cose to somewhat velutinous, and mycelial areas are white with
light yellow sporulated spots and light brown colony reverse
[35].

IA caused by A. subramanianii was diagnosed in a 49-year-
old man without CGD or CARDY deficiency but with a PID
yet to be precisely identified (NIH-Fungal Pathogenesis Lab,
unpublished data, 2018). The patient presented with chronic
disseminated infection of the thoracic spine and adjacent medi-
astinal tissue. Several thoracic spinal laminectomies, followed
by therapy with voriconazole and posaconazole, gradually
resolved the infection over a 10-year period (Eric Meissner,
MD, unpublished data, 2018; initial identification of A. subra-
manianii by Nathan Wiederhold, Pharm D, 2018).

Aspergillus tanneri

Aspergillus tanneri was described in 2012 [7], based on 2 strains
isolated from fatal cases of IA in X-linked CGD patients treated
at the NIH. Both patients came from the southwestern part of
the United States, California and New Mexico, but the specific
environmental source of the species remains unknown.

Aspergillus tanneri was originally classified as a non-ochra-
toxin-producing member of the Aspergillus section Circumdati
[7]. Subsequently, its unique attributes have led to creation of
a new Aspergillus section Tanneri to accommodate the species
[36]. A. tanneri is a slow-growing species at 37°C and requires
2 weeks to attain a colony size of 3 cm and 4-5 cm on CzapeK’s
agar and ME agar, respectively. Growth is slightly faster at 30°C,
and colonies are white at the beginning but grow yellow due to
the maturation of conidia with age. A. tanneri has significantly
lower in vitro susceptibility to most antifungals than other
pathogenic Aspergillus species (Table 3).

Unlike A. fumigatus, A. tanneri causes chronic disease with
primary pulmonary foci but has disseminated to almost every
organ of the body [7]. Both patients with A. tanneri died despite
intensive antifungal therapy supplemented by gamma inter-
feron and granulocyte transfusions.
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Aspergillus udagawae

Aspergillus udagawae (teleomorph = Neosartorya udagawae), a
member of Aspergillus section Fumigati, was first isolated from
the soil of a sugar cane plantation in Brazil [37]. Like A. fumig-
atus, A. udagawae is heterothallic, but A. udagawae produces
the teleomorph much more readily on conventional mycolog-
ical media, whereas strains of A. fumigatus require particular
growth conditions to complete the sexual life cycle. A. udagawae
fails to grow at a temperature above 42°C, whereas A. fumigatus
grows at 245°C [8]. The 2 species also differ in their minimal
and optimal growth temperatures. A. udagawae grows slowly at
10°C and optimally at 30-35°C, but A. fumigatus fails to grow
at 10°C and grows optimally at 37°C [38]. Because A. udagawae
is more resistant than A. fumigatus to various antifungals, the
A. udagawae infections documented are primarily refractory to
standard antifungal therapy [38].

Cases of aspergillosis due to Aspergillus udagawae have been
reported sporadically in CGD patients [8], in a patient with
myelodysplastic syndrome [8], and in a patient with diabetes
mellitus [39]. The 3 cases of IA caused by A. udagawae reported
in CGD patients were all chronic disease and disseminated in a
contiguous manner [38]. The median duration of infection was
approximately 7 times longer (35 weeks vs 5.5 weeks) than that
typically observed for IA caused by A. fumigatus in CGD.

Species Identification of Non-Fumigatus Aspergillus Species Primarily
Associated With PIDs

Species identification of those poorly recognized Aspergillus
isolated from patients with PID can be challenging. Because of
their decreased susceptibility to widely used antifungal agents
compared with A. fumigatus, identification at the species level is
critical for proper patient management. Identification schemes
include culture followed by polymerase chain reaction (PCR)
sequencing of representative genes. Although ITS and partial
3-tubulin have been most commonly amplified and sequenced
genes for species identification, the value of ITS sequenc-
ing is minimal for the speciation of emerging non-fumigatus
Aspergillus species. The $3-tubulin gene, by using the primers
currently reported, may amplify the benA or the tubC alleles,
and hence could yield different results between tests [40]. For
a diagnostic laboratory to complete its mission in a timely and
accurate manner, we view caM as the best gene choice for PCR
sequencing. It is sufficiently variable to detect several haplo-
types in a species, is relatively easy to amplify, and produces a
clean, easy to read sequence. In addition, the caM sequence of
nearly every Aspergillus species is now accessible, thus making
this locus very effective in assessment of species identity.

Innate Resistance of Pathogenic Aspergillus Species to
Antifungal Agents

Table 3 summarizes the antifungal susceptibility profile of the
rare Aspergillus species recovered from PID patients with IA. The
antifungal triazoles are preferred agents for the treatment and

prevention of A in immunocompromised patients [14]. However,
with wide application of azoles in clinical practice and agriculture,
the emergence of triazole resistance in A. fumigatus due to muta-
tions in the Cyp51A gene is a global public health concern [17].
Recent changes in the taxonomy of Aspergillus have also had
major implications for our understanding of drug susceptibility
profiles. For instance, the new cryptic species of Aspergillus sec-
tion Fumigati exhibits significantly different drug susceptibilities
than A. fumigatus in vitro, except for those that have acquired
resistance against azoles [17]. A. calidoustus has decreased sus-
ceptibility to all triazoles, and Aspergillus tanneri is a species
notorious for its decreased susceptibility to amphotericin B and
triazoles (Table 3). Using the CLSI broth microdilution method,
we also tested the antifungal susceptibility of A. subramanianii
and A. fumisynnematus isolates recovered from PID patients.
Both isolates showed elevated minimum inhibitory concentra-
tions for amphotericin B but were susceptible to azole drugs.

CONCLUDING REMARKS

The present work summarizes the clinical, diagnostic, myco-
logical, and treatment features of emerging Aspergillus spe-
cies, which are almost exclusively reported from cases of IA in
patients with various congenital immune defects. The species
discussed here have not been well recognized, partly due to their
rarity in clinical settings compounded by taxonomic changes of
the species, but more importantly, due to the lack of species iden-
tification in diagnosis. In many reviews or case reports of asper-
gillosis in patients with PIDs, the etiologic agent is often listed
as “Aspergillus.” Because these species cause subacute to chronic
infection in patients with PID and are generally more difficult
to treat due to their lower susceptibility to available antifungal
agents than A. fumigatus, correct and prompt identification at
the species level is critical for appropriate therapy to improve
patient outcomes. Notably, DNA sequence-based species identi-
fication is more accurate than using morphological characteris-
tics to differentiate the emerging Aspergillus species. It is critical
that physicians who care for PID patients with aspergillosis are
aware of these emerging non-fumigatus Aspergillus species and
their unique features. It is also critical to develop new drugs and/
or treatment strategies that will be effective against these species.

Acknowledgments

Disclaimer. 'The content of this publication does not necessarily reflect
the views or policies of the Department of Health and Human Services, nor
does mention of trade names, commercial products, or organizations imply
endorsement by the US Government.

Financial support. 'This work was supported by the intramural pro-
gram of the National Institute of Allergy and Infectious Diseases, National
Institutes of Health. This project has been funded in whole or in part with
federal funds from the National Cancer Institute, National Institutes of
Health, under Contract No. HHSN261200800001E.

Potential conflicts of interest. 'The authors declare no conflicts of inter-
est related to this publication. All authors have submitted the ICMJE Form
for Disclosure of Potential Conflicts of Interest. Conflicts that the editors
consider relevant to the content of the manuscript have been disclosed.

8 « OFID « Seyedmousavi et al



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Kwon-Chung KJ, Sugui JA. Aspergillus fumigatus—what makes the species a ubig-
uitous human fungal pathogen? PLoS Pathog 2013; 9:e1003743.

. Marr KA, Carter RA, Boeckh M, et al. Invasive aspergillosis in allogeneic stem

cell transplant recipients: changes in epidemiology and risk factors. Blood 2002;
100:4358-66.

. Beauté ], Obenga G, Le Mignot L, et al; French PID Study Group CEREDIH.

Epidemiology and outcome of invasive fungal diseases in patients with chronic
granulomatous disease: a multicenter study in France. Pediatr Infect Dis J 2011;
30:57-62.

. Segal BH, Holland SM. Primary phagocytic disorders of childhood. Pediatr Clin

North Am 2000; 47:1311-38.

. Henriet S, Verweij PE, Holland SM, Warris A. Invasive fungal infections in

patients with chronic granulomatous disease. Adv Exp Med Biol 2013; 764:27-55.

. Vinh DC, Shea YR, Jones PA, et al. Chronic invasive aspergillosis caused by

Aspergillus viridinutans. Emerg Infect Dis 2009; 15:1292-4.

. Sugui JA, Peterson SW, Clark LP, et al. Aspergillus tanneri sp. nov., a new patho-

gen that causes invasive disease refractory to antifungal therapy. J Clin Microbiol
2012; 50:3309-17.

. Vinh DC, Shea YR, Sugui JA, et al. Invasive aspergillosis due to Neosartorya

udagawae. Clin Infect Dis 2009; 49:102-11.

. Ikinciogullari A, Dogu E, Solaz N, et al. Granulocyte transfusions in children with

chronic granulomatous disease and invasive aspergillosis. Ther Apher Dial 2005;
9:137-41.

Kaltenis P, Mudeniené V, Maknavicius S, Seinin D. Renal amyloidosis in a child
with chronic granulomatous disease and invasive aspergillosis. Pediatr Nephrol
2008; 23:831-4.

Hubka V, Kubatova A, Mallatova N, et al. Rare and new etiological agents revealed
among 178 clinical Aspergillus strains obtained from Czech patients and charac-
terized by molecular sequencing. Med Mycol 2012; 50:601-10.

Verweij PE, Varga ], Houbraken J, et al. Emericella quadrilineata as cause of inva-
sive aspergillosis. Emerg Infect Dis 2008; 14:566-72.

Natarajan M, Hsu AP, Weinreich MA, et al. Aspergillosis, eosinophilic esopha-
gitis, and allergic rhinitis in STAT3 haploinsufficiency. J Allergy Clin Immunol.
2018; 142:993-997.€3. d0i:10.1016/j.jaci.2018.05.009

Patterson TE, Thompson GR 3rd, Denning DW, et al. Practice guidelines for
the diagnosis and management of aspergillosis: 2016 update by the Infectious
Diseases Society of America. Clin Infect Dis 2016; 63:e1-60.

Sugui JA, Kwon-Chung KJ, Juvvadi PR, et al. Aspergillus fumigatus and related
species. Cold Spring Harb Perspect Med 2014; 5:a019786.

Denning DW. Invasive aspergillosis. Clin Infect Dis 1998; 26(4): 781-803; quiz
4-5.

Seyedmousavi S, Verweij PE. Azole resistance in Aspergillus fumigatus: mech-
anisms, route of resistance selection, and clinical implications. In: Berghuis A,
Matlashewski G, Wainberg MA, Sheppard D, eds. Handbook of Antimicrobial
Resistance. New York: Springer New York; 2017: 403-21.

Modell V, Knaus M, Modell F, et al. Global overview of primary immunodefi-
ciencies: a report from Jeffrey Modell Centers worldwide focused on diagnosis,
treatment, and discovery. Immunol Res 2014; 60:132-44.

Lee MJ, Liu H, Barker BM, et al. The fungal exopolysaccharide galactosamino-
galactan mediates virulence by enhancing resistance to neutrophil extracellular
traps. PLoS Pathog 2015; 11:e1005187.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

Klein C, Grudzien M, Appaswamy G, et al. HAX1 deficiency causes autosomal
recessive severe congenital neutropenia (Kostmann disease). Nat Genet 2007;
39:86-92.

Lekstrom-Himes JA, Gallin JI. Immunodeficiency diseases caused by defects in
phagocytes. N Engl ] Med 2000; 343:1703-14.

Lionakis MS. Genetic susceptibility to fungal infections in humans. Curr Fungal
Infect Rep 2012; 6:11-22.

Chandesris MO, Melki I, Natividad A, et al. Autosomal dominant STAT3 defi-
ciency and hyper-IgE syndrome: molecular, cellular, and clinical features from a
French national survey. Medicine (Baltimore) 2012; 91:e1-19.

Vinh DC, Sugui JA, Hsu AP, et al. Invasive fungal disease in autosomal-dominant
hyper-IgE syndrome. J Allergy Clin Immunol 2010; 125:1389-90.

Rieber N, Gazendam RP, Freeman AF, et al. Extrapulmonary Aspergillus infection
in patients with CARD9 deficiency. JCI Insight 2016; 1:¢689890.

Stevens DA, Moss RB, Kurup VP, et al. Allergic bronchopulmonary aspergil-
losis in cystic fibrosis—state of the art: Cystic Fibrosis Foundation Consensus
Conference. Clin Infect Dis 2003; 37:5225-64.

Blumental S, Mouy R, Mahlaoui N, et al. Invasive mold infections in chronic granu-
lomatous disease: a 25-year retrospective survey. Clin Infect Dis 2011; 53:e159-69.

Egli A, Fuller ], Humar A, et al. Emergence of Aspergillus calidoustus infection in
the era of posttransplantation azole prophylaxis. Transplantation 2012; 94:403-10.
0Oz Y, Ozdemir HG, Gokbolat E, et al. Time-kill kinetics and in vitro antifungal
susceptibility of non-fumigatus Aspergillus species isolated from patients with
ocular mycoses. Mycopathologia 2016; 181:225-33.

Horie Y, Miyaji M, Nishimura K, Taguchi H, Udagawa S. Aspergillus fumi-
synnematus, a new species from Venezuelan soil. A Transact Mycol Soc Japan
1993; 34(1):3-7.

Alcazar-Fuoli L, Mellado E, Alastruey-Izquierdo A, et al. Aspergillus section
Fumigati: antifungal susceptibility patterns and sequence-based identification.
Antimicrob Agents Chemother 2008; 52:1244-51.

Coelho D, Silva S, Vale-Silva L, et al. Aspergillus viridinutans: an agent of adult
chronic invasive aspergillosis. Med Mycol 2011; 49:755-9.

Sugui JA, Peterson SW, Figat A, et al. Genetic relatedness versus biological com-
patibility between Aspergillus fumigatus and related species. J Clin Microbiol
2014; 52:3707-21.

Polacheck I, Nagler A, Okon E, et al. Aspergillus quadrilineatus, a new causative
agent of fungal sinusitis. ] Clin Microbiol 1992; 30:3290-3.

Visagie CM, Varga ], Houbraken J, et al. Ochratoxin production and taxonomy of
the yellow aspergilli (Aspergillus section Circumdati). Stud Mycol 2014; 78:1-61.

Jurjevic Z, Kubatova A, Kolarik M, Hubka V. Taxonomy of Aspergillus section
Petersonii sect. nov. encompassing indoor and soil-borne species with predomi-
nant tropical distribution. Plant Syst Evol 2015; (301):2441-62.

Horie Y, Miyaji M, Nishimura K, Franco ME, Coelho KI. Two new species of
Neosartorya from Brazilian soil. Mycoscience 1995; 36:159-65.

Sugui JA, Vinh DC, Nardone G, et al. Neosartorya udagawae (Aspergillus udaga-
wae), an emerging agent of aspergillosis: how different is it from Aspergillus
fumigatus? ] Clin Microbiol 2010; 48:220-8.

Gyotoku H, Izumikawa K, Ikeda H, et al. A case of bronchial aspergillosis caused
by Aspergillus udagawae and its mycological features. Med Mycol 2012; 50:631-6.
Hubka V, Kolarik M. p-tubulin paralogue tubC is frequently misidentified as the
benA gene in Aspergillus section Nigri taxonomy: primer specificity testing and
taxonomic consequences. Persoonia 2012; 29:1-10.

Aspergillus and Primary Immunodeficiencies « OFID « 9



