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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers in humans due to late diagnosis and
poor response to treatments. The tumor microenvironment (TME) of PDAC is characterized by a distinctive,
suppressive immune profile, which inhibits the protective functions of anti-tumor immunity and thereby
contributes to PDAC progression. Recently, the study of Alam et al. discovered for the first time that the
intratumoral fungal mycobiome could contribute to the recruitment and activation of type 2 immune cells in the
TME of PDAC via enhancing the secretion of a chemoattractant, interleukin (IL-) 33. In this article, we reviewed the
important findings of this study. Together with our findings, we synthetically discussed the role of the fungal
mycobiome in orchestrating the immune response and thereby modulating tumor progression.
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MAIN TEXT

The recent development of various —omics approaches has greatly expanded our knowledge of the diverse
fungal species colonizing different body sites, which constitute an important component of the human
microbiome, termed the “mycobiome”"?. Traditionally, members of the human mycobiome, such as the
well-known Candida spp., are known as opportunistic pathogens which reside in most healthy individuals
and cause local or systemic infectious diseases only under certain circumstances. However, a growing body
of evidence has suggested that the mycobiome plays a critical role in the onset and progression of cancers".
A noteworthy example is the implication of the mycobiome in the carcinogenesis of pancreatic ductal
adenocarcinoma (PDAC).

PDAC is a highly aggressive malignancy with a 5-year overall survival (OS) rate of around 10%, ranking the
fourth leading cause of cancer-related deaths in the Western world". The dismal prognosis mainly results
from a lack of specific symptoms for early diagnosis, the early metastatic spread and the poor response to
available treatments'. Previously, a seminal study discovered that PDAC harbors a distinct mycobiome
profile as compared to that of the normal pancreas, while fungal ablation with antifungal treatments showed
protective effects against oncogenic progression'. These results suggested the potential of the mycobiome
in PDAC as a new target for the development of novel biomarkers and therapeutic strategies'”.

The tumor microenvironment (TME) of PDAC is characterized by a distinctive immune profile dominated
by immune-suppressive cells including T,;2 cells and innate lymphoid cells 2 (ILC2), which can inhibit the
functions of anti-tumor T cell immunity and thereby contribute to PDAC progression. In addition, these
infiltrated T2 cells have also been found to fuel PDAC progression in the early stage of tumorigenesis via
the secreted type 2 pro-tumorigenic cytokines, such as interleukin (IL-) 4 and IL-13".

Most recently, Alam and collaborators™” revealed for the first time that the intratumoral mycobiome could
enhance the secretion of the chemoattracting cytokine IL-33 from cancer cells, which subsequently
recruited and activated Ty;2 and ILC2 cells in the TME of PDAC, thus promoting pancreatic oncogenesis.
This study was the first to show that TME of PDAC has an increased infiltration of T};2 and ILC2 cells as
compared to the normal pancreas both in a PDAC mouse model and in human PDAC samples"”. In order
to determine the chemotactic factors secreted by cancer cells that may recruit and activate these immune
cells, the authors also conducted a transcriptomic analysis of multiple PDAC cell lines and identified a 30-
fold upregulation of IL-33, which was mediated by oncogenic Kras®*** signaling. Immunohistochemistry
staining showed that IL-33 expression was indeed relatively high in human PDAC tissues, while it was
undetectable or below 25% nuclear staining in exocrine cells in normal pancreas specimens in the Human
Protein Atlas database (https://www.proteinatlas.org, Figure 1A). IL-33 is known as a potent activator of
T2 and ILC2 cells"". In order to elucidate the requirement of IL-33 expression by cancer cells to recruit
type 2 immunocytes, the authors depleted IL-33 in cancer cells by lentivirus transduction of small hairpin
RNA in a syngeneic orthotopic model of PDAC. The IL-33 depletion reduced both T2 and ILC2
infiltration in the TME and functionally inactivated the resident ILC2 cells that were already present within
the TME. The decreased IL-33 expression in cancer cells also resulted in reduced tumor burden and
increased survival. Taken together, these results indicated that cancer-cell-derived IL-33 recruits and
activates type 2 immune cells into the TME of PDAC.
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Figure 1. IL-33 expression and outcome in PDAC. (A) Representative images showing differential expression (high vs. low) of IL-33 in
cores of tissue microarrays including specimens from two PDAC patients”*. The immunohistochemical staining was performed using
the IL-33 antibody AF3626 (R&D systems), as reported by Alam et al"”; (B) the mRNA expression of IL-33 in PDAC was evaluated
using the web-based genomics analysis and visualization platform GEPIA, analyzing the RNA sequencing expression data of 9,736
tumors and 8,587 normal samples from the TCGA and the GTEx projects, including 1779 PDAC and 117 normal pancreatic tissues; (C)
the levels of IL-33 mRNA expression did not correlate with overall survival in the TCGA-PAAD database.

Other experiments focused on the role of the mycobiome in PDAC on IL-33 secretion as well as in PDAC
tumorigenesis"”. Using both 18S internal transcribed spacer (ITS) sequencing and fluorescence in situ
hybridization, a higher load of fungi was found in the PDAC specimens as compared to the normal
pancreas, with Malassezia being the most abundant genus, in accordance with previous findings'”. In
addition, in both studies, the fungal depletion or repopulation was shown to retard or accelerate PDAC
tumor growth, respectively. However, various mechanisms may be responsible. M. globosa was shown to
promote tumor progress'® via mannose-binding lectin that can recognize fungal pathogens and the
subsequent activation of C3 complement cascade which belongs to innate immunity"”. Interestingly, M.
globosa was also shown to be involved in regulating the adaptive immune response to promote tumor
growth by facilitating the extracellular expression of IL-33 and consequently enhancing the infiltration of
T2 and ILC2 cells".,

However, IL-33 is a member of the IL-1 cytokine family" and it is well known for its dichotomous
functions, acting both as a traditional extracellular cytokine and as a nuclear transcription factor"!. Unlike
the traditional inducible cytokines, IL-33 is constitutively expressed by several cells including human
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endothelial and epithelial cells. The full-length IL-33 can translocate to the nucleus upon synthesis and be
stored there™*. This nuclear IL-33 might function as a transcriptional repressor to decrease
inflammation"”. Once released or secreted, the extracellular IL-33 can be cleaved to its more active form
and induce the type 2 immune response!'*. Interestingly, there are different opinions on the function of
type 2 immune response in intestinal immunity and in the development of pancreatitis and PDAC. Some
studies showed that IL-33 deficient mice were highly susceptible to colitis, colorectal cancer and
pancreatitis">*, which suggest a protective function of IL-33. However, other studies showed increased
IL-33 levels in biopsies obtained from patients with active inflammatory bowel disease®, while elevated
serum IL-33 was found in patients with severe acute pancreatitis*”. Opposite findings described that the IL-
33-induced ILC2 infiltration in PDAC cells correlated positively with long-time survival in patients””. In
The Cancer Genome Atlas (TCGA) database, the mRNA expression of IL-33 is significantly higher in
PDAC tissues compared to normal pancreatic tissues but was not associated with a significantly different
OS [Figure 1B and 1C].

However, in many human cancers including PDAC, it was found that the fragile X mental retardation
protein (FMRP) repressed immune attack by up-regulating IL-33 together with tumor-secreted protein S
and extracellular vesicles (EVs), which promote M2-like tumor-associated macrophages, while down-
regulating the chemoattractant C-C motif chemokine ligand 7. Of note, FMRP mRNA and protein
expression levels were not associated with clinical outcomes in several cohorts of cancer patients, but a gene
signature reflecting FMRP’s cancer regulatory activity (with 156 genes, including IL-33) was prognostic for
reduced OS across multiple human cancers. These discrepancies underline the importance of understanding
the role of IL-33, its induced type 2 immune response and the network of genes and cells in the TME that
contribute to the capability of PDAC to evade immune destruction and resist chemotherapy. Elucidation of
the processes is essential before designing novel treatment strategies.

Since the mycobiome is living in symbiosis with bacteria as commensals in the human body, it is very likely
that the mycobiome exerts an important influence on the microbiome. The involvement of microbiome in
the development of PDAC and its chemoresistance has been convincingly demonstrated by several
studies'**). Bacterial taxa, Proteobacteria (Pseudoxanthomonas) and Actinobacteria (Saccharopolyspora and
Streptomyces), are positively correlated to the short-term survival of PDAC patients™. The 18S ITS
sequencing can only detect the presence of fungal mycobiome but not the presence of microbiome. It is
therefore unclear whether microbiome could function similarly to the mycobiome, inducing the secretion of
extracellular IL-33 and thus activating the type 2 immune response. The factors which can trigger the
release or secretion of extracellular IL-33 are not fully identified. Besides fungi or fungal components"”, it
has been shown that cellular injury or death is one of the mechanisms by which IL-33 reaches the
extracellular environment™. Hence IL-33 will also act as an alarm when there is a breach in the primary
defenses of intestinal epithelium against pathogens and other threats"®. Other factors, such as extracellular
ATP concentrations, mechanical stress or oxidative stress, can also enhance the secretion of IL-33.
Extracellular ATP concentrations are regulated by ectonucleotidases CD39 and CD73, which are known to
play a role in immune function as well*"*?. Multiple bacterial species, such as Klebsiella pneumoniae (for
autoimmune pancreatitis)®, Helicobacter pylori (for gastric ulcers)®, Staphylococcus aureus (for lung
infection)™, have been shown to enhance the secretion of IL-33, indicating the involvement of tumoral
microbiome, possibly together with mycobiome, in orchestrating the innate and adaptive immunity and
modulate tumor progression.

Furthermore, mycobiome may also play a role in chemoresistance. Aykut et al."” have shown that fungal
ablation via antifungal treatment enhanced the efficacy of gemcitabine-based chemotherapy in PDAC-
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Figure 2. Intratumoral mycobiome can facilitate the extracellular secretion of interleukin (IL-) 33 from the nuclear of pancreatic ductal
adenocarcinoma (PDAC) cells, which recruit the pro-tumorigenic immune cells such as T,2 and ILC2 cells to the tumor
microenvironment and thus accelerate PDAC tumor progression. Notably, bacteria species have been shown to be able to enhance the
secretion of IL-33, and possibly together with mycobiome, intratumoral microbiome may also exert a role in orchestrating the host
immune response and modulating tumor progression. FMRP, fragile X mental retardation protein. (Created with BioRender.com).

bearing mice. In humans, it was suggested that the gut mycobiome might modulate the response to
preoperative chemotherapy (gemcitabine-cisplatin) in patients with bladder cancer”. Compared to the
non-responders, the responders had a distinct mycobiome featured by a higher diversity and lower
abundance of Agaricomycetes and Sacchaaromycetes. However, the mechanisms underlying mycobiome-
induced chemoresistance are still unclear. There are several hypotheses: (1) mycobiome may confer
chemoresistance through metabolism and enzymatic degradation of chemotherapeutic drugs, similar to the
previously reported intratumoral bacteria-mediated chemoresistance; (2) studies on breast cancer have
identified IL-33 as a key driver of chemoresistance of tumor cells. IL-33 overexpression transformed tumor
cells into polyploidal giant cancer cells that are highly resistant to chemotherapy due to their dormancy or
abnormal cell cycle®”". Thus, the fungal mycobiome may also elicit chemoresistance of cancer cells via the
enhanced secretion of IL-33, as shown in the current evaluated study of Alam et al.".

In summary, recent data revealed that the intratumoral fungal mycobiome can contribute to PDAC
pathogenesis by stimulating the extracellular secretion of IL-33 from cancer cells, thus driving the
recruitment and activation of Ty;2 and ILC2 cells in TME of PDAC and promoting tumor progression
[Figure 2]. Recent studies suggest that additional mechanisms, including modulation of FMRP and
interaction with other fungi and bacteria, play a pivotal role in the impact of IL-33 as “friend or foe” in
PDAC [Figure 2]. These findings may provide new insights for the development of novel therapeutic
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strategies for overcoming PDAC chemoresistance by targeting the intratumoral mycobiome and correlated
factors. Nevertheless, research on fungal mycobiome in PDAC is still at the infant stage. More studies are

needed to illustrate how fungal mycobiome and its interaction with intratumoral bacteria can influence the

oncogenesis and chemoresistance of PDAC. Furthermore, clinical studies should also be conducted to

understand the prevalence of fungal infection in PDACs, the heterogeneity of IL-33 expression and the
tumor-stage associated IL-33 expression, which may assist in the discovery of novel biomarkers for
monitoring disease progression.

DECLARATIONS

Authors’ contributions

Writing - original draft preparation: Jiang Y, Donati V

Writing - review and editing: Peters GJ, Giovannetti E, Deng DM

All authors have read and agreed to the published version of the manuscript.

Availability of data and materials
Data supporting the findings of Figure 1 are available from the authors upon request.

Financial support and sponsorship

This work was supported by grants from the Cancer Center Amsterdam (CCA) Foundation, As-sociazione
Italiana per la Ricerca sul Cancro (AIRC) and Fondazione Pisana per la Scienza (FPS) to Giovannetti E, and
the Dutch Research Council (NWO) (OCENW.XS22.4.135) to Jiang Y.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2023.

REFERENCES

1. Cui L, Morris A, Ghedin E. The human mycobiome in health and disease. Genome Med 2013;5:63. DOI PubMed PMC

2. Seed PC. The human mycobiome. Cold Spring Harb Perspect Med 2014;5:a019810. DOI PubMed PMC

3. Vallianou N, Kounatidis D, Christodoulatos GS, Panagopoulos F, Karampela I, Dalamaga M. Mycobiome and cancer: what is the
evidence? Cancers 2021;13:3149. DOI PubMed PMC

4. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin 2022;72:7-33. DOI PubMed

S. Giovannetti E, van der Borden CL, Frampton AE, Ali A, Firuzi O, Peters GJ. Never let it go: stopping key mechanisms underlying
metastasis to fight pancreatic cancer. Semin Cancer Biol 2017;44:43-59. DOI PubMed

6. Aykut B, Pushalkar S, Chen R, et al. The fungal mycobiome promotes pancreatic oncogenesis via activation of MBL. Nature
2019;574:264-7. DOI PubMed PMC

7. Wang H, Capula M, Krom BP, Yee D, Giovannetti E, Deng D. Of fungi and men: role of fungi in pancreatic cancer carcinogenesis.
Ann Transl Med 2020;8:1257. DOI PubMed PMC

8. Clark CE, Hingorani SR, Mick R, Combs C, Tuveson DA, Vonderheide RH. Dynamics of the immune reaction to pancreatic cancer
from inception to invasion. Cancer Res 2007;67:9518-27. DOI PubMed

9.  Dey P, LiJ, Zhang J, et al. Oncogenic KRAS-driven metabolic reprogramming in pancreatic cancer cells utilizes cytokines from the
tumor microenvironment. Cancer Discov 2020;10:608-25. DOI

10. Alam A, Levanduski E, Denz P, et al. Fungal mycobiome drives IL-33 secretion and type 2 immunity in pancreatic cancer. Cancer


https://dx.doi.org/10.1186/gm467
http://www.ncbi.nlm.nih.gov/pubmed/23899327
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3978422
https://dx.doi.org/10.1101/cshperspect.a019810
http://www.ncbi.nlm.nih.gov/pubmed/25384764
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4448585
https://dx.doi.org/10.3390/cancers13133149
http://www.ncbi.nlm.nih.gov/pubmed/34202433
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8269322
https://dx.doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
https://dx.doi.org/10.1016/j.semcancer.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28438662
https://dx.doi.org/10.1038/s41586-019-1608-2
http://www.ncbi.nlm.nih.gov/pubmed/31578522
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6858566
https://dx.doi.org/10.21037/atm-20-2723
http://www.ncbi.nlm.nih.gov/pubmed/33178789
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7607088
https://dx.doi.org/10.1158/0008-5472.can-07-0175
http://www.ncbi.nlm.nih.gov/pubmed/17909062
https://dx.doi.org/10.1158/2159-8290.CD-19-0297

Jiang et al. Cancer Drug Resist 2023;6:284-90 | https://dx.doi.org/10.20517/cdr.2023.06 Page 290

11.
12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

Cell 2022;40:153-167.e11. DOI PubMed PMC

Liew FY, Girard JP, Turnquist HR. Interleukin-33 in health and disease. Nat Rev Immunol 2016;16:676-89. DOI PubMed
Dunkelberger JR, Song WC. Complement and its role in innate and adaptive immune responses. Cel// Res 2010;20:34-50. DOI
PubMed

Schmitz J, Owyang A, Oldham E, et al. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and
induces T helper type 2-associated cytokines. Immunity 2005;23:479-90. DOIL

Hodzic Z, Schill EM, Bolock AM, Good M. IL-33 and the intestine: the good, the bad, and the inflammatory. Cytokine 2017;100:1-10.
DOI PubMed PMC

Moussion C, Ortega N, Girard JP. The IL-1-like cytokine IL-33 is constitutively expressed in the nucleus of endothelial cells and
epithelial cells in vivo: a novel “alarmin”? PLoS One 2008;3:¢3331. DOI PubMed PMC

Pichery M, Mirey E, Mercier P, et al. Endogenous IL-33 is highly expressed in mouse epithelial barrier tissues, lymphoid organs,
brain, embryos, and inflamed tissues: in situ analysis using a novel 11-33-LacZ gene trap reporter strain. J Immunol 2012;188:3488-95.
DOI

Carriere V, Roussel L, Ortega N, et al. IL-33, the IL-1-like cytokine ligand for ST2 receptor, is a chromatin-associated nuclear factor
in vivo. Proc Natl Acad Sci U S A 2007;104:282-7. DOI PubMed PMC

Martin NT, Martin MU. Interleukin 33 is a guardian of barriers and a local alarmin. Nat Immunol 2016;17:122-31. DOI

Malik A, Sharma D, Zhu Q, et al. IL-33 regulates the IgA-microbiota axis to restrain IL-1a-dependent colitis and tumorigenesis. J Clin
Invest 2016;126:4469-81. DOI PubMed PMC

Sesti-Costa R, Silva GK, Proenga-Moddena JL, et al. The IL-33/ST2 pathway controls coxsackievirus B5-induced experimental
pancreatitis. J Immunol 2013;191:283-92. DOI

Kobori A, Yagi Y, Imaeda H, et al. Interleukin-33 expression is specifically enhanced in inflamed mucosa of ulcerative colitis. J
Gastroenterol 2010;45:999-1007. DOI

Jiang Y, An Y, Jiang D, Wu B, Yang Y, Sun D. TNF-a regulating interleukin-33 induces acute pancreatic inflammation in rats. 4nn
Clin Lab Sci 2016;46:54-9. PubMed

Moral JA, Leung J, Rojas LA, et al. ILC2s amplify PD-1 blockade by activating tissue-specific cancer immunity. Nature
2020;579:130-5. DOI PubMed PMC

Giovannetti E, Wang Q, Avan A, et al. Role of CYBS5A in pancreatic cancer prognosis and autophagy modulation. J Nat!/ Cancer Inst
2014;106:djt346. DOI PubMed PMC

Zeng Q, Saghafinia S, Chryplewicz A et al. Aberrant hyperexpression of the RNA binding protein FMRP in tumors mediates immune
evasion. Science 2022;378:eabl7207. DOI

Choy ATF, Carnevale I, Coppola S, et al. The microbiome of pancreatic cancer: from molecular diagnostics to new therapeutic
approaches to overcome chemoresistance caused by metabolic inactivation of gemcitabine. Expert Rev Mol Diagn 2018;18:1005-9.
DOI

Geller LT, Barzily-Rokni M, Danino T, et al. Potential role of intratumor bacteria in mediating tumor resistance to the
chemotherapeutic drug gemcitabine. Science 2017;357:1156-60. DOI

Pushalkar S, Hundeyin M, Daley D, et al. The pancreatic cancer microbiome promotes oncogenesis by induction of innate and
adaptive immune suppression. Cancer Discov 2018;8:403-16. DOI PubMed PMC

Riquelme E, Zhang Y, Zhang L, et al. Tumor microbiome diversity and composition influence pancreatic cancer outcomes. Cell
2019;178:795-806.¢12. DOI PubMed PMC

Lefrancais E, Cayrol C. Mechanisms of IL-33 processing and secretion: differences and similarities between IL-1 family members. Eur
Cytokine Netw 2012;23:120-7. DOI PubMed

Ghalamfarsa G, Kazemi MH, Raoofi Mohseni S, et al. CD73 as a potential opportunity for cancer immunotherapy. Expert Opin Ther
Targets 2019;23:127-42. DOI

Moesta AK, Li XY, Smyth MJ. Targeting CD39 in cancer. Nat Rev Immunol 2020;20:739-55. DOI PubMed

Yoshikawa T, Watanabe T, Kamata K, Hara A, Minaga K, Kudo M. Intestinal dysbiosis and autoimmune pancreatitis. Front Immunol
2021;12:621532. DOI PubMed PMC

Satoh-Takayama N, Kato T, Motomura Y, et al. Bacteria-induced group 2 innate lymphoid cells in the stomach provide immune
protection through induction of IgA. Immunity 2020;52:635-649.e4. DOI

Robinson KM, Ramanan K, Clay ME, McHugh KJ, Rich HE, Alcorn JF. Novel protective mechanism for interleukin-33 at the
mucosal barrier during influenza-associated bacterial superinfection. Mucosal Immunol 2018;11:199-208. DOI PubMed PMC
Bukavina L, Prunty M, Isali I, et al. Human gut mycobiome and fungal community interaction: the unknown musketeer in the
chemotherapy response status in bladder cancer. Eur Urol Open Sci 2022;43:5-13. DOI PubMed PMC

Kudo-Saito C, Miyamoto T, Imazeki H, Shoji H, Aoki K, Boku N. IL33 is a key driver of treatment resistance of cancer. Cancer Res
2020;80:1981-90. DOI PubMed

Xuan B, Ghosh D, Cheney EM, Clifton EM, Dawson MR. Dysregulation in actin cytoskeletal organization drives increased stiffness
and migratory persistence in polyploidal giant cancer cells. Sci Rep 2018;8:11935. DOI PubMed PMC


https://dx.doi.org/10.1016/j.ccell.2022.01.003
http://www.ncbi.nlm.nih.gov/pubmed/35120601
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8847236
https://dx.doi.org/10.1038/nri.2016.95
http://www.ncbi.nlm.nih.gov/pubmed/27640624
https://dx.doi.org/10.1038/cr.2009.139
http://www.ncbi.nlm.nih.gov/pubmed/20010915
https://dx.doi.org/10.1016/j.immuni.2005.09.015
https://dx.doi.org/10.1016/j.cyto.2017.06.017
http://www.ncbi.nlm.nih.gov/pubmed/28687373
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5650929
https://dx.doi.org/10.1371/journal.pone.0003331
http://www.ncbi.nlm.nih.gov/pubmed/18836528
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2556082
https://dx.doi.org/10.4049/jimmunol.1101977
https://dx.doi.org/10.1073/pnas.0606854104
http://www.ncbi.nlm.nih.gov/pubmed/17185418
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1765450
https://dx.doi.org/10.1038/ni.3370
https://dx.doi.org/10.1172/jci88625
http://www.ncbi.nlm.nih.gov/pubmed/27775548
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5127671
https://dx.doi.org/10.4049/jimmunol.1202806
https://dx.doi.org/10.1007/s00535-010-0245-1
http://www.ncbi.nlm.nih.gov/pubmed/26927343
https://dx.doi.org/10.1038/s41586-020-2015-4
http://www.ncbi.nlm.nih.gov/pubmed/32076273
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7060130
https://dx.doi.org/10.1093/jnci/djt346
http://www.ncbi.nlm.nih.gov/pubmed/24301457
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3906994
https://dx.doi.org/10.1126/science.abl7207
https://dx.doi.org/10.1080/14737159.2018.1544495
https://dx.doi.org/10.1126/science.aah5043
https://dx.doi.org/10.1158/2159-8290.cd-17-1134
http://www.ncbi.nlm.nih.gov/pubmed/29567829
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6225783
https://dx.doi.org/10.1016/j.cell.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31398337
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7288240
https://dx.doi.org/10.1684/ecn.2012.0320
http://www.ncbi.nlm.nih.gov/pubmed/23306193
https://dx.doi.org/10.1080/14728222.2019.1559829
https://dx.doi.org/10.1038/s41577-020-0376-4
http://www.ncbi.nlm.nih.gov/pubmed/32728220
https://dx.doi.org/10.3389/fimmu.2021.621532
http://www.ncbi.nlm.nih.gov/pubmed/33833754
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8021793
https://dx.doi.org/10.1016/j.immuni.2020.03.002
https://dx.doi.org/10.1038/mi.2017.32
http://www.ncbi.nlm.nih.gov/pubmed/28401938
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5638662
https://dx.doi.org/10.1016/j.euros.2022.06.005
http://www.ncbi.nlm.nih.gov/pubmed/36353067
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9638757
https://dx.doi.org/10.1158/0008-5472.can-19-2235
http://www.ncbi.nlm.nih.gov/pubmed/32156776
https://dx.doi.org/10.1038/s41598-018-29817-5
http://www.ncbi.nlm.nih.gov/pubmed/30093656
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6085392

