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Of fungi and men: role of fungi in pancreatic cancer 
carcinogenesis
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Pancreatic ductal adenocarcinoma (PDAC) is a highly 
malignant tumor with a 5-year survival rate of 9% (1). 
This poor survival rate is caused by the late discovery of 
the disease, the early metastatic spread and the resistance 
to most currently available treatments (2). Early detection 
and accurate diagnosis are critical to improving outcome, 
as clearly demonstrated by a recent study which reported 
a 5-year overall survival above 80% for patients in stage  
IA (3). Although several detection methods, such as analyses 
of plasma proteins, are widely used in the diagnosis of 
tumors, they have very limited impact on the early detection 
of PDAC (4). 

Research on key factors in PDAC carcinogenesis that 
might be used as biomarkers for early detection is therefore 
urgently needed. Many factors have so far been associated 
with increased risk of PDAC, namely, smoking, heavy 
alcohol use, diabetes mellitus, obesity, family history and 
inherited genetic variation (5). Recent studies suggest the 
involvement of components of tumor microenvironment 
(TME) which select PDAC for different fitness advantages 
when encountering extracellular matrix components, 
immune cells and restricted nutrient or oxygen gradients (6).

The TME of PDAC contains diverse bacterial species 
(7,8), which have been associated with carcinogenesis (9), 
as well as to the patient’s outcome (10). All these studies did 
not investigate the potential role of other germs, including 

fungi. 
However, a recent publication revealed for the first 

time that the fungal mycobiome promotes pancreatic 
oncogenesis (11). In this seminal study, the abundance 
of intrapancreatic fungi and fungal DNA content in 
PDAC was compared to normal pancreatic tissues, using 
Fluorescent in situ hybridization and quantitative PCR 
techniques. These analyses showed a marked increase 
in intratumoral fungi in PDAC samples obtained from 
mouse models and human. Next, Aykut and colleagues 
assessed the mycobiome profiles of PDAC using 18S 
internal transcribed space sequencing, and discovered 
that the mycobiome composition of cancerous tissues was 
distinct from that of the gut or the normal pancreas, both 
in human and mice specimens. Of note, Malassezia was 
the most prevalent fungal genus in PDAC. These results 
suggest fungal dysbiosis during tumorigenesis, which was 
further investigated (Figure 1). Ablation of mycobiome 
with antifungal medications, such as amphotericin B or 
fluconazole, protected mice against oncogenic progression. 
When mice treated with amphotericin B were repopulated 
with Malassezia an accelerated growth of pancreatic tumors 
was observed. Conversely, repopulation with Candida spp., 
Saccharomyces cerevisiae or Aspergillus spp. did not affect the 
growth of the tumors. 

Interestingly, the same research group has previously 
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demonstrated involvement of the microbiome in the 
development of PDAC using the same mice models and 
similar methodologies (9). They found that PDAC harbors 
a considerably more abundant microbiome than normal 
pancreas in both mice and humans. Proteobacteria and 
Actinobacteria were more abundant in PDAC than in gut 
and were associated with PDAC oncogenesis. Ablation of 
the microbiome protected the mice against preinvasive and 
invasive neoplastic lesions, whereas introduction of the 
bacteria from PDAC-bearing hosts reversed this protection. 

The association of bacteria with PDAC oncogenesis 
has been confirmed by several other studies (8,10), but 
the dominant bacterial species in PDAC varied among 
these studies. Moreover, some criticisms were raised about 
how critical clinically-relevant factors could influence the 
microbiome composition, including usage of proton pump 
inhibitors and the occurrence of biliary obstruction, which 
is often palliated preoperatively by endoscopic preoperative 
biliary drainage (12).

Since the human microbiota generally consists of 
bacteria, archaea, viruses and fungi which form a highly 
complex network, it is likely that the fungi and bacteria in 
TME promote the progression of PDAC through similar 

molecular mechanisms or even synergistically. Thus, it 
would be interesting to study how the interactions between 
these fungi and bacteria influence tumorigenesis.

Notably, Aykut and colleagues investigated how 
Malassezia promotes PDAC growth. Malassezia is known 
to be able to bind C-type lectin receptors (13,14). A 
thoughtful analysis of the transcriptomic data from The 
Cancer Genome Atlas unraveled the correlation between 
high levels of expression of the mannose-binding lectin, 
MBL, and significantly shorter survival of PDAC patients 
(Figure 1). MBL is a soluble recognition molecule that 
binds to terminal sugar residues present on the surface 
of microorganisms. Upon MBL binding, complement 
elements C2 and/or C4 can be activated through serine-
related proteases (15). Keeping with these findings, mice 
lacking MBL exhibited delayed oncogenic progression. 
Moreover, the presence of Malassezia could not accelerate 
the PDAC progression in the MBL-null mice. The central 
complement component C3, downstream of MBL, was 
also considered a key determinant in PDAC oncogenesis. 
Expression of C3 was indeed associated with shorter survival 
of PDAC patients and the mice lacking C3 displayed 
reduced tumor growth. Collectively, these results indicate 
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Figure 1 Translocation of fungi (which might also interact with bacteria) from gut mycobiome to the microenvironment of pancreatic ductal 
adenocarcinoma (PDAC) results in increased tumor growth through activation of the complement system. Mannose-binding lectin (MBL) 
bound to fungi such as Malassezia initiates cleavage of complement factor C3 releasing subunit C3a. The subunit C3a interacts with C3a 
receptors (C3aR) found on tumor cells promoting tumor growth. Conversely, ablation of mycobiome affected the activity of gemcitabine, 
suggesting a potential role of fungi in chemoresistance. Remarkably, prognosis was improved in MBL-/- deficient mice compared to WT-
mice. This was in agreement with the observation that low expression of MBL2 mRNA is associated with significantly longer survival 
in PDAC patients, as shown by the Kaplan-Meier curves in the PDAC samples in the TCGA database (Dataset Tumor Pancreatic 
adenocarcinoma – TCGA-178), produced with the cutoff method “scan” by the R2 online genomics and visualization platform. Thirty-two 
samples were omitted from the analysis due to missing survival data.
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that fungi were able to promote PDAC progression via 
MBL-C3 pathway activation (Figure 1). However, further 
studies should investigate whether other species of fungi, 
such as Candida spp., S. cerevisiae and Aspergillus spp. could 
not induce PDAC progression due to a differentiation in 
immune recognition.

Remarkably, bacteria seem to promote progression of 
tumor growth via different mechanisms. The previous study 
by Pushalkar and collaborators (9) showed that dysbiosis 
of the bacterial microbiome accelerated growth of PDAC 
by suppressing both innate and adaptive immunity via 
TLR2 and TLR5 recognition. Some bacterial species in 
the microbiome, however, may induce beneficial effects. 
Riquelme and collaborators indeed (10) discovered 3 tumor 
bacterial taxa—Saccharopolyspora, Pseudoxanthomonas, and 
Streptomyces—highly enriched in PDAC patients who 
experienced very long survival. These bacterial species 
contribute to the recruitment and activation of CD8 T cells 
to the TME and hence induce a more effective antitumor 
response. Similar “positive effects” might be detected also 
with some fungi species.

However, when the presence of both fungi and 
bacteria in TME is considered, the mechanisms for the 
tumorigenesis may be more complicated. On one hand, 
the C3 activated by the binding of fungi to MBL could 
modulate the bacteria-suppressed innate and adaptive 
immunities and thereby the function of T cells. On the 
other hand, immunosuppression caused by bacteria may 
complicate the fungi-related MBL-C3 axis (16). Therefore, 
future studies should investigate the potential mechanisms 
underlying different effects caused by the interplay between 
bacteria and fungi. 

Aykut and collaborators (11) also examined the source 
of fungi. Using a green-fluorescent-protein (GFP) 
labeled strain, the authors established that fungi are able 
to translocate into pancreas from gut within 30 minutes. 
Similarly, a GFP-labelled Enterococcus faecalis strain was 
found to migrate into the pancreas in 30 minutes (9). As 
we know, the human gastrointestinal tract hosts a complex 
microbiota. Although the number and abundance of fungi 
in this gut community are orders of magnitude lower than 
those of bacteria (17), the function of fungi was equivalent 
to that of bacteria. Similar to the dysbiosis of microbiome, 
dysbiosis of the mycobiome has been associated with 
various gut-related diseases (18) and systemic diseases, such 
as neurological diseases (19). Fungal genera commonly 
associated with the human gut are Candida, Saccharomyces, 
Malassezia, Aspergillus and Pichia. Although research on 

the mycobiome in health and disease is still in its infancy, 
existing data suggest that reduced mycobiome species 
richness and enrichment of certain fungal species, such as 
Candida albicans, Saccharomyces cerevisiae and Malassezia can 
lead to the onset of systemic diseases (19). 

Another human microbiota worth mentioning is the oral 
microbiota. It has been suggested that part of the intestinal 
bacteria and fungi are of oral origin, with more than 45% 
overlap in the microbiota between oral cavity and gut 
(20,21). The increase of PDAC risk has been associated with 
a very common oral infection: periodontal disease (22). The 
levels of two periodontal pathogens, Porphyromonas gingivalis 
and Aggregatibacter actinomycetemcomitans, were elevated 
in PDAC patients (23). Oral bacteria are thought to reach 
the pancreas by swallowing or via the circulatory system 
after mastication and personal oral hygiene (24). Being an 
important component of oral microbiota, oral fungi may 
also play a role in the progression of PDAC. Interestingly, 
the PDAC related Malassezia genus is an overlooked oral 
commensal as it was recently found in high prevalence 
and abundance in saliva of healthy individuals (25),  
although it was previously considered as commensal and 
pathogen of the skin and lungs.

Aykut and collaborators also reported that the ablation 
of mycobiome affected the activity of gemcitabine (11). 
Gemcitabine is still ranking among the most widely 
prescribed drugs in PDAC patients, but the response to 
this treatment is extremely poor (2). Strikingly, Geller 
and collaborators described several bacterial species, 
such as Gammaproteobacteria, which express the enzyme 
cytidine deaminase, whose long-form (CDDL) was shown 
to metabolize gemcitabine into its inactive metabolite. 
Interestingly, preclinical models injected with bacterial 
CDDL displayed a reduced response to gemcitabine, 
but this resistance was neutralized by the antibiotic 
ciprofloxacin. The increased knowledge on the mycobiome 
in pancreatic tissues, as well as its role in chemoresistance, 
could then provide also innovative therapeutic strategies.

In conclusion, the study of Aykut and collaborators 
reveals that dysbiosis of mycobiome in TME can promote 
the progression of PDAC via MBL-C3 axis, supporting 
further studies on these candidates as new biomarkers for 
early diagnostics. Moreover, when taking into account the 
previous data on the involvement of the microbiome in 
the progression and drug sensitivity of PDAC, measures 
that are able to alter the composition of both microbiome 
and mycobiome might provide novel  therapeutic 
approaches to slow down cancer progression and overcome 
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chemoresistance.
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