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A B S T R A C T   

One of the most potent opportunistic fungal pathogens of humans is Aspergillus fumigatus, an environmental mold 
that causes a life-threatening pneumonia with a high rate of morbidity and mortality. Despite advances in 
therapy, issues of drug toxicity and antifungal resistance remain an obstacle to effective therapy. This un
derscores the need for more information on fungal pathways that could be pharmacologically manipulated to 
either reduce the viability of the fungus during infection, or to unleash the fungicidal potential of current 
antifungal drugs. In this review, we summarize the emerging evidence that the ability of A. fumigatus to sustain 
viability during stress relies heavily on an adaptive signaling pathway known as the unfolded protein response 
(UPR), thereby exposing a vulnerability in this fungus that has strong potential for future therapeutic 
intervention.   

Introduction 

Aspergillus fumigatus is an environmental mold and opportunistic 
pathogen of humans that causes invasive aspergillosis (IA), a life- 
threatening pulmonary infection that affects patients with immune de
fects that disrupt the barrier functions of the lung (Cadena et al., 2021). 
The infection is acquired by the inhalation of airborne conidia, which 
are widespread in nature and hence practically impossible to avoid. 
Individuals with mild immunosuppression, or those with pre-existing 
pulmonary structural defects, are unable to efficiently clear the 
inhaled conidia, which allows them to germinate in the lung. Upon 
germination, the spores begin to release hydrolytic enzymes, creating 
damage to the surrounding tissue and triggering a chronic inflammatory 
process that can evolve over months to years (Barac et al., 2019). In the 
context of more severe immunosuppression, most frequently in patients 
undergoing hematopoietic stem cell or solid organ transplantation, the 
germinating spores can develop into hyphae. This filamentous form of 
the organism is highly invasive, capable of breaching the epithelial 
barrier and spreading through the circulation. The outcome of the 
resulting IA is very poor, even when treated, with mortality rates that 
can exceed 50%. IA may also arise in patients with acute respiratory 
distress syndrome (ARDS), including those infected with SARS-CoV-2 
(Batah and Fabro, 2021). This emerging COVID-19-associated 

pulmonary aspergillosis (CAPA) syndrome is associated with increased 
mortality, the incidence of which may be underestimated due to diffi
culties with the accurate diagnosis of A. fumigatus infection in this pa
tient population (Arastehfar et al., 2020; Borman et al., 2020; Marr et al., 
2021). The precise reason for the susceptibility of COVID-19 patients to 
CAPA is likely to be multifactorial, involving impaired mucociliary 
clearance, damage to the lung epithelial barrier, and the use of immu
nomodulatory treatment regimens to dampen the hyperinflammatory 
signaling that contributes to COVID-19 pathology (Marr et al., 2021). 
However, recent evidence has also implicated COVID-19 in the sup
pression of host functional adaptive and innate immunity, which may 
account for some reports of CAPA arising even in the absence of 
well-defined immune compromising disease (Remy et al., 2020). 

The ability of A. fumigatus to cause disease in a human host involves 
diverse phenotypic characteristics that initially evolved to benefit the 
fungus in its environmental niche, but are similarly advantageous to its 
ability to cause infection (Abad et al., 2010; Casadevall et al., 2019). One 
of the most important of these traits involves nutrient acquisition. 
A. fumigatus obtains nutrients from environmental debris, or the tissues 
of an infected human host, by secreting hydrolytic enzymes that degrade 
extracellular biopolymers. These enzymes are synthesized on endo
plasmic reticulum (ER)-bound ribosomes and inserted into the ER lumen 
as linear polymers, which then begin a process of self-assembly that is 
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facilitated by transient interactions with ER-resident molecular chap
erones. Accurate protein folding is also assisted by the activity of gly
cosylating enzymes, as well as ER-lumenal folding enzymes that provide 
protein structural support in the form of disulfide bonds (Braakman and 
Bulleid, 2011). However, if an increase in the demand for secretion 
distorts the homeostatic balance of protein folding, the consequent 
accumulation of unfolded proteins increases the risk for illegitimate 
protein interactions that can trigger toxic protein aggregation and cell 
death. To counter this unfolded protein stress, eukaryotic cells possess 
an adaptive stress response pathway known as the unfolded protein 
response (UPR), which allows them to adjust multiple aspects of ER 
function in order to optimize protein folding equilibrium (Hetz et al., 
2020). 

The extensive armamentarium of pathogenicity factors that is 
available to A. fumigatus is a major challenge to the rational design of 
anti-virulence strategies that seek to neutralize one or more of the most 
relevant virulence traits. This raises the possibility that adaptive cellular 
networks that indirectly control the expression of a broad spectrum of 
homeostatic processes during infection could have merit as therapeutic 
targets. The UPR represents one such adaptive network that is tightly 
linked to the ability of fungal species to maintain viability in the pres
ence of stress. In this review, we summarize the evidence that supports 
the concept of targeting the A. fumigatus UPR as a strategy to enhance 
fungicidal activity. 

The UPR pathway in fungi and mammals 

The UPR is a signaling pathway that continually monitors the effi
ciency of protein folding in the ER lumen and communicates that in
formation to the nucleus. 

This triggers a reprogramming of the transcriptome to increase 
protein folding capacity, in addition to augmenting other aspects of cell 
function that contribute to ER homeostasis (Fig. 1). In humans, three ER- 
transmembrane sensors initiate the signal transducing process: IRE1 
(inositol requiring enzyme 1), ATF6 (activating transcription factor 6), 
and PERK (PKR-like endoplasmic reticulum kinase) (FIG 1) (Hetz et al., 
2020). All three sensors are activated by the accumulation of unfolded or 
misfolded proteins, which arises whenever the demand for secretion 
exceeds ER protein folding capacity. IRE1 and ATF6 counter this stress 
by directing the synthesis of separate transcription factors, XBP1 (X-box 
binding protein 1) and ATF6p50 respectively, each of which controls the 
expression of UPR target genes involved in ER homeostasis. Human IRE1 
accomplishes this by regulating the translation of a cytoplasmic mRNA 
that encodes the XBP1 transcription factor, whereas the ATF6 tran
scription factor is a component of the ATF6 sensor itself and is released 
from the sensor by proteolytic cleavage in the Golgi apparatus (FIG 1). 
PERK is unique among the three sensors in that it employs both tran
scriptional and translational outputs. Upon activation, PERK phos
phorylates the alpha subunit of the eukaryotic initiation factor 2 (eIF2α), 
resulting in a broad attenuation of translational activity that relieves ER 
stress by temporarily reducing the protein load entering the ER. The 
transcriptional activity of PERK involves the mRNA encoding ATF4 
(activating transcription factor 4), which is able to bypass the translation 
block and produce the ATF4 transcription factor that contributes to the 
overall transcriptional rewiring that brings stressed cells back to the 
homeostatic state. IRE1 directs the most ancient branch of the UPR, 
which is the only known pathway in the fungal kingdom and discussed 
further below. 

In fungi, the canonical IRE1-driven UPR was first defined in 
Saccharomyces cerevisiae and shown to comprise the Ire1 sensor and its 
downstream bZIP transcription factor Hac1 (FIG 1) (Mori, 2009). In 
yeast, and in most other fungal species, the mRNA encoding Hac1 is 
unusual in that it is first synthesized as a cytoplasmic precursor mRNA 
(HAC1u for uninduced). The HAC1u mRNA is unable to translate the UPR 
transcription factor due to the presence of an atypical intron that is not 
excised by the conventional splicing machinery in the nucleus. However, 

upon transport to the cytoplasm the unconventional intron becomes a 
target for regulated splicing by the Ire1 sensor. Ire1 is a type I 
ER-membrane protein with three functional domains: an ER-luminal 
unfolded protein sensing domain, a cytosolic kinase domain, and a 
cytosolic C-terminal endoribonuclease (RNase) domain. When unfolded 
or misfolded proteins accrue in the ER lumen, Ire1 oligomerizes in the 
ER membrane, resulting in trans-autophosphorylation and activation of 
its RNase domain. The activated RNase then cleaves the unconventional 
intron from the HAC1u mRNA, creating an induced form of the mRNA, 

Fig. 1. UPR signaling in mammals and fungi. Top: The mammalian UPR 
comprises three ER-transmembrane sensors that are activated by the accumu
lation of unfolded proteins in the ER lumen: IRE1, PERK and ATF6. The IRE1 
protein has a cytosolic region containing both kinase (K) and RNase (R) do
mains. Upon activation, the RNase cleaves an intron (shown in red) from the 
XBP1u (unspliced) mRNA. The resulting XBP1s (spliced) mRNA contains a 
translational frame-shift that directs the synthesis of the XBP1 transcription 
factor required for UPR target gene induction in the nucleus. The PERK sensor 
contains a cytosolic kinase domain which, when activated, phosphorylates 
eIF2α (eukaryotic initiation factor 2 alpha), resulting in a global attenuation of 
protein synthesis that serves to reduce further influx of client proteins into the 
ER. However, the mRNA encoding the ATF4 transcription factor is able to 
bypass this translational block, allowing it to contribute to the transcriptional 
rewiring necessary to restore ER homeostasis. The ATF6 sensor has a cytosolic 
transcription factor domain (ATF6p50). Upon activation, the protein moves to 
the Golgi apparatus, where the ATF6p50 transcription factor is released from 
the sensor by the activity of site-1 protease (S1p) and site-2 protease (S2p). 
Bottom: The UPR pathway in A. fumigatus. Unfolded proteins activate the IreA 
RNase to cleave an intron from the hacAu mRNA, creating a frame-shift in the 
resulting hacAi mRNA that translates the HacA transcription factor (the ca
nonical pathway). Both canonical and non-canonical functions for IreA 
contribute to the expression of virulence-related traits, which jointly support 
both pathogenicity during infection and resistance to antifungal drugs. 
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HAC1i (for induced). The open reading frame in the spliced HAC1i 

mRNA is shifted relative to that of HAC1u, allowing for the translation of 
the Hac1 transcription factor. After migrating to the nucleus, the Hac1 
protein reorganizes the transcriptome towards a program that elevates 
the capacity of the ER to handle the influx of proteins in the secretory 
pathway. Any ER proteins that ultimately fail to achieve their native 
confirmation are destroyed by ER-associated degradation (ERAD), a 
UPR-linked quality control step that returns abnormal proteins to the 
cytosol and targets them for proteasomal degradation (Hwang and Qi, 
2018; Travers et al., 2000). 

In A. fumigatus, the canonical Ire1 pathway follows the same para
digm established in S. cerevisiae and humans but with modified 
nomenclature: the IreA RNase converts the hacAu mRNA into hacAi, 
resulting in the translation of the HacA transcription factor (FIG 1). As in 
yeast, ER stress triggers the HacA transcription factor to increase the 
expression of chaperones and folding enzymes that are well-established 
UPR target genes in other species. In addition, the A. fumigatus UPR 
coordinates chaperone upregulation with increased transcription of 
genes encoding P-type ATPases that transport different cargoes across 
ER and Golgi membranes. For example, the P2-type Ca2+ ATPases SrcA 
and PmrA provide a mechanism to ensure that sufficient quantities of 
Ca2+ are available to support Ca2+-dependent chaperones in the secre
tory pathway. By contrast P5-type ATPase SpfA supports fungal ER 
homeostasis through more pleiotropic effects on lipid homeostasis, Ca2+

and Mn+2 transport, as well as selective extraction of transmembrane 
proteins that are mistargeted to the ER (Cohen et al., 2013; Cronin et al., 
2002; Guirao-Abad et al., 2021; McKenna et al., 2020; Sørensen et al., 
2019; Weichert et al., 2020). However, in contrast to S. cerevisiae, where 
processing of HAC1u mRNA into HAC1i occurs mostly under conditions 
of an acute ER stress stimulus, a substantial amount of hacAu mRNA 
processing into hacAi is always detected in A. fumigatus mycelia grown in 
the absence of any exogenous stress (Richie et al., 2009). This suggests 
that the demands of polarized filamentous growth may require greater 
support from the UPR in A. fumigatus relative to budding yeast. 

Therapeutic prospects for targeting fungal PCD-like mechanisms 

If the adaptive responses of the metazoan UPR fail to restore ho
meostasis in the presence of chronic ER stress, the UPR switches to an 
alternative signaling mechanism that triggers apoptotic death (Hetz 
et al., 2020). Apoptosis and related programmed cell death (PCD) 
pathways have been well characterized in metazoan species, which has 
provided a rational foundation for the development of novel anticancer 
compounds that elicit the demise of the cancer cell (Fulda, 2015). 
Regulated forms of cell death have also been described in fungi (Gon
çalves et al., 2017; Hamann et al., 2007; Hutchison et al., 2009), 
including a recent report that immune cells can initiate an apoptosis-like 
program in A. fumigatus (Shlezinger et al., 2017). This raises the possi
bility that pharmacologic manipulation of fungal cell death mechanisms 
could be a useful adjunct to current therapies. Although fungal genomes 
encode some homologs of established mammalian apoptosis death reg
ulators, their functions in bona fide PCD pathways are less clear relative 
to their mammalian counterparts (Fedorova et al., 2005). For example, 
fungi possess metacaspases, which are related to the metazoan caspases 
that participate in the execution of apoptosis (Tsiatsiani et al., 2011). In 
contrast to caspases, no evidence was found that A. fumigatus meta
caspases actively promote cell death in since a mutant lacking both of 
the only two metacaspases in the A. fumigatus genome showed no 
reduction in stress response viability or virulence (Richie et al., 2007). 
However, this mutant was growth impaired under conditions of ER 
stress (Richie et al., 2007), suggesting that metacaspase activity in 
A. fumigatus provides a function that is more adaptive than 
pro-apoptotic. It is interesting to note that subsequent studies have 
demonstrated a role for fungal metacaspases in the removal of insoluble 
protein aggregates (Fernandez et al., 2021; Lee et al., 2010; Shrestha 
et al., 2019), raising the possibility that these proteolytic enzymes work 

in collaboration with the UPR and ERAD pathways to prevent the 
accumulation of damaged proteins that would be deleterious to cell 
viability. This implies that any therapeutic strategy to manipulate 
metacaspase function in A. fumigatus should be designed to inhibit 
metacaspase function rather than triggering their activity. 

Therapeutic prospects for cell death induction by targeting the UPR: 
inspiration from cancer biology 

The central role occupied by the ER in numerous aspects of cell 
function suggests that intracellular pathways that sustain ER homeo
stasis could represent a point of vulnerability that may be amenable to 
pharmacologic induction of cell death. For example, human tumor cells 
are predisposed to ER stress because of their elevated metabolic activity, 
their creation of nutrient-limited or hypoxic microenvironments when 
they expand without sufficient vascular support, or their exposure to 
chemotherapy and radiotherapy (Oakes, 2020). This is particularly true 
for neoplasms that are derived from professional secretory cells such as 
myeloma-related disorders or pancreatic tumors, placing them at high 
risk for ER stress (Oakes, 2020). Indeed, activation of all three branches 
of the UPR has been reported in several human cancers, which allows 
the tumor cells to thrive in the adverse tumor microenvironment and to 
resist anticancer therapies (Cubillos-Ruiz et al., 2017; Logue et al., 2018; 
Zhao et al., 2018). This is driving the search for novel strategies to 
control UPR outputs in cancer cells, with the goal of activating tumor 
cell death pathways or sensitizing the tumor to cell death induction by 
existing methods of chemotherapy or radiotherapy (Doultsinos et al., 
2021; Logue et al., 2018; Sun et al., 2016). 

The presence of dual kinase and RNase domains in IRE1, both of 
which are necessary to induce the UPR, makes this protein a strong 
candidate for therapeutic intervention. The rationale for this approach is 
based on the notion that blocking the IRE1 branch of the UPR in a cell 
type that relies heavily on IRE1-derived signals for sustained ER ho
meostasis would create a situation of unresolved ER stress that either 
kills the cell directly, or renders the cell inviable in the presence of other 
therapeutic compounds. A theoretical concern about this strategy to 
treat human cancer is the potential for collateral damage to normal cells 
that also rely on IRE1 for normal homeostasis. However, several small 
molecule inhibitors of human IRE1 have already been developed for this 
purpose and have shown efficacy in vitro and in vivo, either as mono
therapy or as chemosensitizing agents in combination with other cancer 
treatments (Korbelik et al., 2020; Le Reste et al., 2020; Logue et al., 
2018; Maly and Papa, 2014; McCarthy et al., 2020; Shao et al., 2020; 
Zhao et al., 2018). The successful application of these IRE1-targeting 
agents with minimal side effects is likely to be due to functional 
redundancy among the three UPR sensors. 

Prospects for cell death induction by targeting the A. fumigatus UPR 

Cancer cells encounter ER stress in the host environment or when 
exposed to anticancer therapy (Oakes, 2020). The following lines of 
evidence argue that A. fumigatus also encounters ER stress in the host, 
and that its reliance on UPR intervention to maintain homeostasis ex
poses a vulnerability in the fungus that could be harnessed to manipu
late cell death. 

1. The canonical HacA pathway supports virulence and drug susceptibility 
As a typical filamentous fungus, A. fumigatus is highly specialized for 

protein secretion (Conesa et al., 2001; Vivek-Ananth et al., 2018; Wang 
et al., 2020), suggesting that it would be particularly vulnerable to 
pharmacologic disruption of ER homeostasis. To test this, we and others 
have taken genetic approaches to determine how fungal viability is 
affected by loss of UPR signaling. The data obtained from the deletion of 
the hacA gene encoding the UPR transcription factor in A. fumigatus 
(Richie et al., 2009) could prove useful in predicting the effects of a drug 
that would prevent the IreA sensor pathway from activating the 
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canonical UPR. Gene expression analysis demonstrated that the ΔhacA 
mutant was unable to upregulate the expression of known UPR target 
genes when treated with an acute ER stress agent, confirming that the 
absence of hacA effectively blocks the canonical pathway. In addition, 
although the ΔhacA deletion mutant grew similarly to wild type on 
standard medium, it rapidly lost viability in the presence of chemical 
agents that disrupt ER protein folding, indicating that the UPR is 
dispensable in the absence of stress but becomes critical for viability in 
situations that require UPR intervention. Importantly, despite the ability 
of ΔhacA mutant to grow at a similar rate to wild type in vitro, it was 
attenuated for virulence in an immunosuppressed mouse model of IA. 
These data, provide evidence that one of the situations that requires UPR 
involvement is the challenge of growing in the host environment. 

A second environment where the UPR was required for viability 
involved growth at elevated temperatures. A. fumigatus is notoriously 
thermotolerant, capable of growing rapidly at 37◦C and surviving 
extended periods above 50◦C, a characteristic that allows this environ
mental fungus to thrive in composting plant debris where intense mi
crobial activity raises the temperature (Bhabhra and Askew, 2005). By 
contrast, the ΔhacA mutant rapidly lost viability at 45◦C, which is only a 
few degrees above the optimum temperature range of 37-42◦C for this 
species (Araujo and Rodrigues, 2004). The inability of this mutant to 
survive at 45◦C correlated with extensive tip lysis, suggesting that the 
absence of hacA creates a defect in cell wall integrity that is incompat
ible with growth at high temperature. This was confirmed through a 
biochemical analysis of its wall, revealing a deficiency in β-(1,3)- and 
α-(1,3)-glucan composition. Interestingly, the corresponding mutant in 
S. cerevisiae did not exhibit a temperature-sensitive phenotype, demon
strating a reliance of A. fumigatus on the UPR for thermotolerant hyphal 
growth that is absent in this yeast. 

The abnormal cell wall in the ΔhacA mutant suggested that a third 
situation where loss of UPR function would be lethal is in the presence of 
antifungal drugs. The current armamentarium of antifungal drugs 
against A. fumigatus includes agents that impair cell wall synthesis (the 
echinocandin class) or disrupt membrane homeostasis (the triazole and 
polyene classes). The ΔhacA mutant showed a striking increase in sus
ceptibility to all three of these drug classes, providing proof-of-principle 
that pharmacologic inhibition of the canonical UPR could be used to 
enhance the efficacy of existing antifungal agents. Of particular note was 
caspofungin, a member of the echinocandin class that is normally 
fungistatic towards A. fumigatus. In the absence of a functional UPR, 
caspofungin was fungicidal for A. fumigatus, indicating that UPR inter
vention is a major reason why the echinocandins are unable to induce 
the death of this fungus. These findings provide a rational foundation for 
the future design of combination therapies that unite IreA inhibition 
with current antifungal therapy as a way to enhance fungicidal activity 
against A. fumigatus. The notion of enhancing triazole potency through 
UPR blockade is particularly attractive in light of emerging environ
mental and clinical isolates of A. fumigatus that are resistant to this 
crucial class of antifungal drugs (Bastos et al., 2021; Nywening et al., 
2020). However, the extent to which UPR inhibition could mitigate the 
effects of different mutations that confer triazole resistance remains to 
be tested. 

2. The canonical HacA pathway works in conjunction with ERAD 
Cytosolic proteasomal degradation is the final step involved in the 

disposal of aberrant ER proteins by ERAD (Hwang and Qi, 2018; Travers 
et al., 2000). In humans, proteasome inhibitors have been developed to 
exploit cellular differences in the dependence on proteasomal degra
dation, and their clinical application can dramatically improve the 
outcome for patients with some forms of cancer, particularly lymphoma 
and myeloma-related disorders (Manasanch and Orlowski, 2017; Park 
et al., 2018). Since ERAD and UPR pathways jointly support protein 
quality control (Travers et al., 2000), the impact of ERAD dysfunction in 
A. fumigatus was examined by deleting the derA gene, encoding a major 
component of the ER-membrane complex involved in ERAD (Krishnan 

et al., 2013; Richie et al., 2011). Although the ΔderA mutant grew 
normally and showed wild-type virulence, it exhibited constitutive 
upregulation of UPR activity suggesting that the UPR compensates for a 
deficiency in ERAD. Consistent with this, a double deletion mutant 
lacking both derA and hacA genes was avirulent, demonstrating that 
cooperation between ERAD and the UPR is necessary for the fungus to 
thrive in the host environment. The implication of this finding is that 
combination therapies that target both the UPR and ERAD arms of ER 
protein quality control could be an innovative approach to generate 
critical levels of ER stress and induce fungal death. 

3. The IreA sensor of A. fumigatus has functions that are independent of 
HacA. 

The attenuated virulence of the ΔhacA mutant suggests that the ca
nonical UPR pathway is necessary to support the fitness of A. fumigatus 
in the host environment. In contrast to the ΔhacA mutant, which 
retained partial virulence (Richie et al., 2009), a ΔireA mutant was 
avirulent in mouse infection models. This indicates that IreA contributes 
to pathogenesis not only through the canonical IreA-HacA pathway but 
also with its own HacA-independent functions (Feng et al., 2011). 
Indeed, the ΔireA mutant exhibited phenotypic defects that were much 
more severe than those displayed by ΔhacA, including virulence-related 
defects in hypoxia adaptation, growth on complex substrates, iron 
acquisition, thermotolerance, and antifungal drug susceptibility. Gene 
expression profiling confirmed that A. fumigatus IreA has both 
HacA-dependent and HacA-independent functions that contribute to 
fitness in the host environment. Together, these findings demonstrated 
that IreA function is not limited to the processing of hacAu into hacAi 

mRNA. In fact, by virtue of its role as an ER stress sensor, IreA indirectly 
serves as a regulatory hub for the expression of multiple phenotypic 
characteristics that are essential during infection. This implies that 
pharmacologic interruption of both the canonical IreA-HacA UPR and 
the independent functions of IreA would sensitize the fungus to the 
adverse environmental conditions encountered in the host environment, 
thereby limiting growth and/or inducing cell death. 

4. Pharmacological inhibition of the canonical UPR is feasible in A. 
fumigatus 

Despite the genetic evidence implicating the UPR in A. fumigatus 
pathogenesis and antifungal drug susceptibility, surprisingly little is 
known about pharmacologic inhibition of the fungal pathway. We 
recently reported that a salicylaldehyde-based inhibitor of the human 
IRE1 RNase domain, known as 4μ8C, can block an acute ER stress 
stimulus from triggering the accumulation of A. fumigatus hacAi mRNA 
and, consequently, prevent downstream UPR target gene induction 
(Guirao-Abad et al., 2020). This provided proof-of-principle that 4μ8C 
can cross the A. fumigatus cell wall and effectively block the IreA RNase 
from splicing the hacAu mRNA. The 4μ8C compound was only slightly 
toxic to the fungus at the concentrations used to inhibit the UPR, similar 
to the mild phenotype of the UPR-deficient mutant ΔhacA grown in the 
absence of stress (Richie et al., 2009). However, 4μ8C treatment 
weakened the ability of the wild-type fungus to grow on a collagen 
substrate, mirroring a similar poor growth phenotype of the ΔhacA 
mutant on polymeric substrates (Richie et al., 2009). Interestingly, 
A. fumigatus rapidly lost viability when 4μ8C treatment was combined 
with the plant-derived compound carvacrol (Guirao-Abad et al., 2020), 
a monoterpene with antifungal activity that has been shown to disrupt 
ER morphology and trigger the UPR in C. albicans (Chaillot et al., 2015; 
Wang et al., 2019). This suggests that the ER stress prompted by 
carvacrol is more toxic to fungal viability when UPR activation is 
inhibited by 4μ8C. Despite the dramatic effects of hacA deletion on 
antifungal drug susceptibility and stress response, only a subset of the 
phenotypes displayed by the ΔhacA mutant were recapitulated by 
pharmacologic treatment with 4μ8C. For example, unlike genetic dele
tion of the hacA gene, treatment with 4μ8C did not increase the azole 
sensitivity of A. fumigatus. However, these 4μ8C-induced phenotypes 
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were strikingly similar to those displayed by an IreA RNase 
domain-deficient mutant of A. fumigatus that is unable to process hacAu 

mRNA into hacAi (Guirao-Abad et al., 2020). Thus, although pharma
cological inhibition of the canonical UPR pathway in A. fumigatus is 
achievable, the evidence suggests that additional branch points exist in 
the fungal UPR that may be able to support the growth of A. fumigatus 
and potentially other fungi when this IreA/Ire1-dependent pathway is 
blocked. Future identification and molecular dissection of these 
non-canonical pathway(s) of the UPR are needed to expand our under
standing of fungal stress adaptation and uncover points of vulnerability 
that trigger fungal cell death. 

Summary and future prospects 

Accumulating evidence from A. fumigatus and other fungal patho
gens has demonstrated that UPR function regulates many aspects of 
virulence. To date, these studies have employed genetic approaches to 
determine the impact of UPR inhibition in diverse fungal species. These 
include human-pathogenic fungi (Candida spp., A. fumigatus, Crypto
coccus spp., Trichoderma rubrum) and plant-pathogenic fungi (Ustilago 
maydis, Verticillium dahliae, Alternaria brassicicola), encompassing yeasts, 
polymorphic species and molds (Bitencourt et al., 2020; Cheon et al., 
2011; Feng et al., 2011; Heimel et al., 2013; Joubert et al., 2011; Jung 
et al., 2018; Miyazaki et al., 2013; Pinter et al., 2019; Richie et al., 2009; 
Sircaik et al., 2021; Starke et al., 2021). Although the UPR underpins ER 
homeostasis in all of these organisms, the transcriptional circuitry 
activated by the UPR has been uniquely wired in each species to achieve 
different outputs. This is likely to reflect the enormous range of habitats 
in which each fungus resides, such as organic debris in the environment, 
living plants, human skin, and mucosal surfaces. Despite fundamental 
differences in UPR output between fungal pathogens, there are two 
common threads. The first is virulence; all pathogenic species in which 
the UPR has been studied thus far have been shown to exploit this 
pathway for the expression of virulence-related traits that support 
fitness in the host environment. Depending on the fungus, these features 
include hypoxia adaptation, iron acquisition, hydrolase secretion to 
digest host tissues, effector secretion for modification of host physi
ology, capsule formation to evade host defenses, biofilm formation, and 
developmental transitions linked to virulence such as hyphal switching 
or appressoria formation. The second is susceptibility to antifungal 
agents; all UPR-deficient mutants of human-pathogenic fungi display 
increased death in the presence of one or more classes of the major 
antifungal drug classes. Also, in the case of plant pathogens, loss of UPR 
function has been shown to increase fungal susceptibility to 
plant-derived defenses molecules (Joubert et al., 2011). As usual, 
however, nature knows more than we do. If we are to effectively harness 
the UPR as a future drug target, more research is needed to understand 
the branch points and networks that allow this pathway to represent 
such an important aspect of intracellular homeostasis and cell integrity. 
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