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A B S T R A C T

Multiple sclerosis (MS) is the prototypical inflammatory disease of the central nervous system (CNS), leading to
multifocal demyelination and neurodegeneration. The etiology of this incurable disease is unknown and remains
a matter of intensive research. The possibility that microbial infections, such as viruses or bacteria, can trigger an
autoimmune reaction in CNS tissue has been suggested. However, the recent demonstration that bacteria are
present in CNS tissue points to a direct involvement of microbial infections in the etiology of MS. In the present
study, we provide the first evidence of fungal infection in CNS tissue of MS patients, and demonstrate that fungal
DNA from different species can be detected in the CNS. We used, nested PCR assays together with next-gen-
eration sequencing to identify the fungal species in the nervous tissue of 10 patients with MS. Strikingly,
Trichosporon mucoides was found in the majority of MS patients, and particularly high levels of this fungus were
found in two patients. Importantly, T. mucoides was not detected in the CNS of control subjects. We were also
able to visualize fungal structures in CNS tissue sections by immunohistochemistry using specific antifungal
antibodies, which also revealed the accumulation of a number of microbial cells in microfoci. Again, microbial
structures were not observed in CNS sections from controls. In addition to fungi, neural tissue from MS patients
was also positive for bacteria. In conclusion, our present observations point to the novel concept that MS could
be caused by polymicrobial infections. Thus, mycosis of the CNS may be accompanied by opportunistic bacterial
infection, promoting neuroinflammation and directly causing focal lesions, followed by demyelination and ax-
onal injury.

1. Introduction

Multiple sclerosis (MS) is the archetypal neuroinflammatory disease
of the central nervous system (CNS), and is characterized by demyeli-
nation and axonal lost (Lassmann, 2018; Reich et al., 2018). Patholo-
gically, MS causes damage to both white and grey matter and leads to
brain and spinal cord atrophy. MS is a chronic and progressive in-
flammatory disease that can also be considered as neurodegenerative
due to the loss of neurons (Stadelmann, 2011; Kawachi and Lassmann,
2017). MS is the main cause of disability in young adults and it is es-
timated that about 2.5 million people worldwide are living with MS,
about 70% of whom are women (Koch-Henriksen and Sorensen, 2010;
Kalincik, 2015; Ascherio and Munger, 2016). The most common type of
the disease (about 85–90% of cases) is relapsing-remitting MS, which is
characterized by acute episodes followed by partial or complete re-
covery (Mckay et al., 2015). About 50% of these patients will develop
secondary progressive MS (Tremlett et al., 2017). The clinical symp-
toms of MS include motor and cognitive deficits, as well as bladder

dysfunction (Compston and Coles, 2008; Reich et al., 2018). Focal le-
sions at the CNS exhibit a perivascular distribution, mainly around the
periventricular white matter, thalamus, brain stem and spinal cord
(Mahad et al., 2015). Different lesions can be distinguished according to
their activity, chronicity and types of infiltrated immune cells (Wu and
Alvarez, 2011). Thus, acute, chronic and resolving lesions can be dis-
tinguished in MS (Raine, 2017). These focal lesions can be detected by
magnetic resonance imaging, which constitutes the best diagnostic test
for MS (Ontaneda and Fox, 2017; Thompson et al., 2018). Remyelina-
tion is common in many resolving lesions that are also infiltrated with
macrophages.

Although the precise etiology of MS remains unknown, the presence
of infiltrates of immune cells in the focal lesions, as well as activation of
microglia in the CNS, has led to the suggestion that MS is an auto-
immune disease (Dendrou and Fugger, 2017; Sonar and Lal, 2017). The
finding of anti-myelin antibodies also supported this hypothesis (Reindl
et al., 1999; Hohlfeld et al., 2016; Kinzel and Weber, 2017); however,
further analysis indicated that these antibodies were equally prevalent
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in MS patients and in control subjects (Karni et al., 1999; Lampasona
et al., 2004; Wang et al., 2008). Antibodies against other CNS antigens
have been studied more recently, although their specificity for MS pa-
tients remains controversial (Mclaughlin et al., 2009; Brickshawana
et al., 2014; Berger and Reindl, 2015; Berger, 2017).

An alternative hypothesis to explain the etiology of MS is that the
disease is caused by microbial infection (Libbey et al., 2014). In this
regard, two different theories have been put forward. One possibility is
that the immune reaction to a given infection triggers the activation of
the immune system against some host antigens that cross-react with
microbial antigens. Thus, there is molecular mimicry between some
microbial and host antigens, and once the immune system is activated
by the microbial infection this continues by host components present in
the CNS (Chastain and Miller, 2012). The second possibility is that the
infection itself is responsible for the focal lesions observed in the CNS.
Along this line, several microbial infections are known to be chronic
and progressive and it is possible the relapse-remitting episodes typical
of most MS patients correspond to infectious reactivation.

A variety of viruses, belonging mainly to the Herpesviridae family,
have been studied as the potential causative agent of MS (Owens et al.,
2011; Fernandez-Menendez et al., 2016; Laurence and Benito-Leon,
2017; Mentis et al., 2017; Pormohammad et al., 2018). Also, bacteria
such as Chlamydia pneumoniae have been implicated in MS (Sriram
et al., 1999; Libbey et al., 2014). Indeed, the direct analysis of brain
tissue from patients with MS revealed a variety of bacteria detected by
next-generation sequencing (NGS) (Branton et al., 2016). Although
bacteria could also be found in the CNS of non-MS patients, Proteo-
bacteria was the prevalent phylum found in brain tissue of MS patients.
The authors concluded that inflammatory demyelination is linked to
organ-specific dysbiosis in MS. In another study, peptidoglycan was
detected within antigen presenting cells in the brain of MS patients
(Schrijver et al., 2001). Finally, MS patients were found to have sig-
nificantly higher levels of antifungal antibodies, as well as fungal an-
tigens in the blood serum and the cerebrospinal fluid (CSF), as com-
pared with healthy volunteers (Ramos et al., 2008; Benito-Leon et al.,
2010; Pisa et al., 2013; Benito-Leon and Laurence, 2017). Given these
findings, we have advanced the idea that disseminated fungal infections
could play a role in the etiology of MS, or could contribute as a risk
factor for the disease. Consistent with this idea, elevated levels of
chitotriosidase have been found in blood serum and in CSF of MS pa-
tients, constituting a good biomarker to follow-up the disease
(Comabella et al., 2010; Canto et al., 2015; Mollgaard et al., 2016;
Novakova et al., 2017). Furthermore, calprotectin and amyloid peptide
Aβ are also elevated in MS and both exhibit potent antifungal activities
(Berg-Hansen et al., 2009; Urban et al., 2009; Soscia et al., 2010; Kumar
et al., 2016). One of the most efficacious agents against MS is dimethyl
fumarate, which also exhibits antifungal activity, although this com-
pound produces some side effects such as leukopenia (Ropper, 2012;
Basketter et al., 2013; Berkovich and Weiner, 2015; Hamidi et al.,
2018). Notwithstanding the above, direct analysis of fungal infections
in the CNS of MS patients is still lacking. In the present work, we carried
out a detailed study to evaluate fungal species present in the nervous
tissue of MS patients using nested PCR and NGS. As a complement to
this work, we also performed immunohistochemistry in several CNS
regions from MS patients to search for fungal structures. Our observa-
tions demonstrate the existence of mycoses in the CNS in MS, thus
providing a plausible explanation for the clinical symptoms observed in
this disease.

2. Materials and methods

2.1. Description of MS patients and controls

Samples of brain sections and frozen tissue were obtained from ten
patients diagnosed with MS and from twelve control subjects. The age
and gender of the study group is listed in Supplementary Table I. All

samples were obtained from The Netherlands Brain Bank. Sample
transfer was carried out according to national regulations concerning
research on human biological samples. The Scientific Committee of The
Netherlands Brain Bank and the ethics committee of the Universidad
Autónoma de Madrid approved the study.

2.2. Antibodies employed in this study

Rabbit polyclonal antibodies against several fungal species (Candida
glabrata, C.albicans, Phoma betae and Trichoderma viride) or against
purified fungal β-tubulin have been described in detail elsewhere (Pisa
et al., 2015, 2015). A rabbit polyclonal anti-chitin antibody was gen-
erously provided by M.N. Horst (Mercer University, Atlanta, USA).
Anti-human antibodies (α-tubulin and neurofilaments) were also used
as described (Pisa et al., 2015, 2015). The following antibodies were
purchased: rabbit polyclonal antibody against C. pneumoniae, which
immunoreacts with the major outer porin (Biorbyt, Cambridge, UK),
used at 1:20 dilution; mouse monoclonal antibody against Chlamydia
(Abcam, Cambridge, UK), used at 1:10 dilution; rabbit polyclonal an-
tibody against Borrelia burgdorferi (Genetex, Irvine, CA), used at 1:50
dilution; and mouse monoclonal antibody against peptidoglycan
(Thermo Fisher Scientific, Waltham, MA), used at 1:20 dilution.

2.3. DNA extraction from frozen CNS tissue

DNA was extracted from frozen samples as previously described
(Alonso et al., 2017).

2.4. Nested PCR

A number of measures were used to prevent PCR contamination
including the use of separate rooms and glassware supplies for PCR set-
up and products, aliquoted reagents, positive-displacement pipettes,
aerosol-resistant tips and multiple negative controls. DNA samples from
frozen CNS tissue were analyzed by nested PCR using several primer
pairs. The primers used are listed in Supplementary Table II.

Primer design for amplification of the internal transcribed spacer
(ITS) regions of fungal ribosomal DNA has been described in detail (Pisa
et al., 2015). The first PCR was carried out using 2 μl of DNA incubated
at 95 °C for 10min, followed by 30 cycles of 45 s at 94 °C, 1min at
57.3 °C and 45 s at 72 °C. Primers used in the first PCR were forward
ITS-1 (External 1) and reverse ITS-1 (External 1). The second PCR was
performed using 2 μl of the product obtained in the first PCR using ITS-
1 (Internal 1) primers for 35 cycles of 45 s at 94 °C, 1min at 55 °C and
45 s at 72 °C. A separate PCR assay was designed to amplify the ITS-2
region. The first PCR assay was carried out with 2 μl of DNA incubated
at 95 °C for 10min, followed by 30 cycles of 45 s at 94 °C, 1min at 52 °C
and 45 s at 72 °C. Oligonucleotides used in the first PCR were forward
ITS-2 (External 2) and reverse ITS-2 (External 2). The second PCR was
carried out with 2 μl of the product obtained in the first PCR and for-
ward and reverse ITS-2 (Internal 2) primers for 30 cycles of 45 s at
94 °C, 1min at 55 °C, and 45 s at 72 °C.

The human β-globin gene served as a control for DNA extraction.
PCR was carried out with 4 μl of DNA incubated at 95 °C for 10min and
amplified with 42 cycles of 45 s at 94 °C, 1min at 60 °C and 45 s at
72 °C. To amplify the 26S rRNA of Trichosporon sp., we used the primers
TB26FE and TF26RE in the first PCR and TB26SFI and TB26SRI in the
second PCR. The first PCR was carried out with 2 μl of DNA incubated at
95 °C for 5min followed by 35 cycles of 1min at 94 °C, 2min at 55 °C
and 3min at 72 °C. The second PCR was performed using 2 μl of the
product obtained in the first PCR for 30 cycles 1min at 94 °C, 2min at
63 °C and 3min at 72 °C.

We also amplified the 16S rRNA gene and the internal transcribed
spacer (IGS) regions of bacterial rRNA. To amplify the IGS, we used the
primers 1406F-559R in the first PCR. This PCR was carried out with 2 μl
of DNA incubated at 95 °C for 5min followed by 35 cycles of 1min at
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94 °C, 1min at 55 °C and 3min at 72 °C. The second PCR was carried
out with 2 μl of the product obtained in the first PCR and 1490F-242R
primers for 35 cycles of 45 s at 94 °C, 1min at 57 °C, and 45 s at 72 °C.
To amplify the 16S rRNA gene we performed the first PCR with 2 μl of
DNA incubated at 95 °C for 5min followed by 35 cycles of 1min at
94 °C, 1min at 51 °C and 3min at 72 °C. Primers used in the first PCR
were 27F and 1492 R. The second PCR was carried out using the pri-
mers V3–V4 using 2 μl of the product obtained in the first PCR with
forward V3 and reverse V4 internal primers for 35 cycles 1min at 94 °C,
1min at 55 °C and 3min at 72 °C.

Nested PCR was also performed for amplification of the SAG2 par-
tial gene from T. gondii using 2 μl of DNA incubated at 94 °C for 5min
followed by 40 cycles of 45 s at 94 °C, 1min at 59 °C and 45 s at 72 °C.
The second PCR was identical to the first PCR except that the annealing
temperature was lowered to 56 °C. Primers used in the first and second
PCRs were forward Toxo and reverse Toxo external and forward Toxo
and reverse Toxo internal, respectively. To amplify the glycoprotein D
gene of HSV-1, the first PCR was carried out with 4 μl of DNA incubated
at 95 °C for 5min, followed by 40 cycles of 1min at 94 °C, 1min at 50 °C
and 45 s at 72 °C. Primers used in the first PCR were forward HSV-1
external and reverse HSV-1 external. The second PCR was performed
using 0.5 μl of the product obtained in the first PCR with forward and
reverse HSV-1 internal primers, for 30 cycles 1min at 94 °C, 1min at
55 °C and 5min at 72 °C. Finally to amplify the EBNA 1 gene of Epstain
barr Virus (EBV), the first PCR was carried out with 2 μl of DNA in-
cubated at 95 °C for 5min, followed by 40 cycles of 1min at 94 °C,
1min at 57 °C and 5min at 72 °C. Primers used in the first PCR were
forward EBV FE and reverse EBV RE. The second PCR was performed
using 2 μl of the product obtained in the first PCR with forward and
reverse EBV internal primers, for 35 cycles 1min at 94 °C, 1min at 55 °C
and 5min at 72 °C. Amplified DNA products were analyzed by agarose
gel electrophoresis and stained with ethidium bromide. PCR products
were sequenced by Macrogen (Seoul, South Korea). The sequences have
been deposited in the European Nucleotide Archive (ENA)
PRJEB25938.

2.5. Next-generation sequencing

The yeast ITS-1 region is highly variable both in length and in nu-
cleotide sequence, and for this reason, it is useful for metagenomic NGS
studies. The region between the internal 1 primers was amplified with
specific primers joined to linker sequences in a first round of PCR
(specific product of ~300 nt). A second PCR was performed on this
product using fusion primers containing Illumina and linker sequences.
The PCR products were sequenced on a MiSeq sequencing platform
(Illumina). PCR and sequencing were performed by the Genomics Unit
at the Scientific Park of Madrid. Quality analyses were performed over
reads using FastQC software (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). All sequences have been submitted to European
Genome-phenome Archive with the accession number
EGAS00001002957.

2.6. Computational analysis

2.6.1. Qiime analysis
We used QIIME software for metagenomic analysis (Caporaso et al.,

2010). This is an open-source bioinformatics pipeline for microbiome
analysis from raw DNA sequencing data. This includes demultiplexing
and quality filtering, operational taxonomic unit (OTU) picking, taxo-
nomic assignment and phylogenetic reconstruction, and diversity ana-
lyses and visualizations. The adapters from the sequences were deleted
using Cutadapt and all sequences with a length shorter than 35 bp were
discarded. Once sequence set-up was ready, we performed a metage-
nomic-type analysis that consisted of several steps (http://nbviewer.
ipython.org/github/biocore/qiime/blob/1.9.1/examples/ipynb/
Fungal-ITS-analysis.ipynb). As a reference, we used the most recent

version of the Qiime Fungal ITS database (ftp://ftp.microbio.me/
qiime/tutorial_files/its_12_11_otus.tgz).

2.6.2. Sequence clustering
The sequences of all samples were grouped to define the OTUs using

the pick_open_reference_otus.py workflow (http://qiime.org/) with a
percentage identity of 98%.

2.6.3. Principal component analysis
The Bray–Curtis distance matrix and the weight score of each

principal component was calculated using the QIIME script core di-
versity analyses.py. The three-dimensional plot model of the principal
component analysis (PCA) was done with the scatterplot3d package in
R.

2.6.4. Identification of uncultured fungus hits OTUs
According to the taxonomical classification, we found that on

average 70% and 46% of the matches corresponded to “Uncultured
fungus Blast” hit in MS patients and control patients respectively. For
this reason an additional standard Blast search analysis was performed.

2.7. Statistical analysis

The statistical analysis was performed using the Mann-Whitney U
test (also known as the Mann-Whitney-Wilcoxon (MWW), Wilcoxon
rank-sum test, or Wilcoxon-Mann-Whitney test), which is a nonpara-
metric test of the null hypothesis that it is equally likely that a randomly
selected value from one sample will be less than or greater than a
randomly selected value from a second sample. This test can be used to
determine whether two independent samples were selected from po-
pulations having the same distribution.

2.8. Immunohistochemistry analysis

CNS tissue was fixed in 10% buffered formalin for 24 h, and em-
bedded in paraffin following standard protocols, and cut into 5 μm
sections using a microtome (Microm HM355s; Microm, Walldorf,
Germany). A previously described protocol was followed for im-
munohistochemical analysis (Pisa et al., 2017). Briefly, paraffin was
removed and tissues were rehydrated and boiled for 2min in citrate
buffer and then incubated for 10min with 50mM ammonium chloride.
Subsequently, tissue sections were incubated for 10min with 0.1%
Triton X-100 in phosphate buffered saline (PBS) and for 20min with 2%
bovine serum albumin (BSA) in PBS. Sections were incubated overnight
at 4 °C with primary antibodies in PBS/BSA. Thereafter, sections were
washed with PBS and further incubated for 1 h at 37 °C with the cor-
responding secondary antibody conjugated to Alexa 488 or 555 (In-
vitrogen, Carlsbad, CA). Subsequently, tissue sections were stained with
DAPI (Merck Millipore, Darmstadt, Germany) and samples were treated
with autofluorescence eliminator reagent (Merck Millipore).

The majority of the images were collected on a Zeiss LSM710 con-
focal laser scanning microscope equipped with the upright microscope
stand AxioImager.M2 (Zeiss), and running ZEN 2010 software. Wide-
fields were collected with the high-speed, high-resolution A1R+ con-
focal microscope (Nikon) combined with an inverted microscope, run-
ning NIS Elements 4.40 software and on a Zeiss LSM800 confocal laser-
scanning microscope equipped with an inverted microscope Axio
Observer (Zeiss) and running Zen Blue 2.3 software. Images were de-
convoluted using Huygens software (4.2.2 p0) and visualized with
ImageJ (NIH).
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3. Results

3.1. Exploration of fungal DNA in the CNS of MS patients: nested PCR
analysis

We previously observed that fungal DNA was present in CSF in MS
(Pisa et al., 2013). Thus, our first aim was to examine for the presence
of fungal DNA in CNS tissue of MS patients. We extracted DNA from
different CNS areas of 10 patients with MS and performed PCR to
amplify the intergenic sequences between the fungal rRNA genes (see
scheme Fig. 1A). It should be noted that in these DNA preparations, the
vast majority of the DNA is human and only a very small fraction may
correspond to fungal DNA and, for this reason, nested PCR was em-
ployed with different primers to amplify several DNA regions. The ITS1
and ITS2 domains were amplified in two separate nested PCR assays. As
shown in Fig. 1B, fungal DNA could be amplified from some patients
but not from others. As a control to demonstrate the presence of ex-
tracted DNA, the human β-globin gene could be successfully amplified
in all the DNA preparations tested (Fig. 1B). We next extracted the gel
bands corresponding to the putative fungal ITS regions and subjected
them to sequencing (Table 1). Interestingly, most of the amplified DNA
fragments corresponded to the genus Trichosporon (Basidiomycota).

We also extracted DNA from the CNS of 9 age- and gender-matched
control subjects (median age 52 and 53 for MS patients and controls,
respectively). We performed the same nested PCR assay on these sam-
ples, finding that several DNA fragments could be observed in some
controls using the ITS1 primers, which upon sequencing did not render

any known fungal species (Fig. 1C). These fragments were reported as
not found or uncultured fungus. The fact that no amplification occurred
with ITS2 primers, together with the results obtained with ITS1 pri-
mers, suggest that the amount of fungal DNA in these preparations is far
less than in those from MS patients. The presence of DNA in the control
preparations was demonstrated by the successful amplification of the
human β-globin gene (Fig. 1C).

To further evaluate the presence of Trichosporon DNA and to identify
the precise species in this genus, we again used nested PCR to amplify
an internal sequence of the 26S rRNA gene using previously published
specific primers (Nagai et al., 1999) (Supplementary Fig. 1). From the
10 MS samples tested, 8 rendered a DNA sequence belonging to Tri-
chosporon mucoides as determined by sequencing. By contrast only one
control (C6) rendered an amplified DNA fragment in this PCR assay. To
extend this analysis, we used the 26S rRNA gene primers in a nested
PCR of DNA extracted from the frontal cortex (FC) of 10 Alzheimer's
disease (AD) patients. No amplification for Trichosporon was observed
in these samples (Supplementary Fig. 1). Moreover, we failed to detect
this genus by nested PCR in previous studies from our group with DNA
preparations from the CNS of patients with AD or with amyotrophic
lateral sclerosis (ALS) (Alonso et al., 2017; Alonso et al., 2017). Overall,
these findings show that T. mucoides is specifically found in neural
tissue in MS, whereas it is undetectable in other neurodegenerative
diseases and in control subjects.

Fig. 1. Nested PCR analysis of fungal DNA in MS patients and control subjects. PCR analysis was carried out as described (see Methods). (A) Schematic representation
of fungal rRNA genes (18S, 5.8S and 28S rRNA) and the ITS-1 and ITS-2 regions, including location of the primers employed for the different nested PCRs; primers
External 1 employed in the first PCR, primers Internal 1 employed in the second PCR to amplify ITS-1, primers Internal 2 employed in the second PCR to amplify ITS-
2. (B) Nested PCR of ITS1, ITS2 and β-globin gene in ten MS patients. Upper panel, agarose gel electrophoresis of the DNA fragments amplified by nested PCR using
DNA extracted from frozen tissue of ten MS patients. PCR analysis in ten MS patients using primers Internal 1 to amplify the ITS-1 region. Middle panel, agarose gel
electrophoresis of the ITS-2 region DNA fragments amplified from ten MS patients using primers Internal 2. Bottom panel: agarose gel electrophoresis of the DNA
fragments amplified from DNA extracted from the samples using human β-globin oligonucleotide primers. (C) Nested PCR of fungal ITS-1, ITS-2 and human β-globin
gene in nine control subjects. Upper panel, agarose gel electrophoresis of the DNA fragments amplified by nested PCR using DNA extracted from nine controls using
primers Internal 1 to amplify the ITS-1 region. Intermediate panel, agarose gel electrophoresis of the DNA fragments amplifed from the ITS-2 region from nine control
subjects using primers Internal 2. Bottom panel, agarose gel electrophoresis of the DNA fragments amplified from extracted DNA using human β-globin oligonu-
cleotide primers. C-: PCR without DNA. CE: Control of DNA extraction without DNA. C+: DNA extracted from HeLa cells.

Table 1
Fungal species found in the CNS of 10 MS patients and nine controls subjects.

Patients Region ITS1 Region ITS2 TB26S Next Sequencing Generation (NGS)

MS1 – No blast – Candida deformans, Phoma sp
MS2 Trichosporon sp Trichosporon sp Trichosporon mucoides Uncultured Trichosporon, Davidiella tassiana
MS3 Trichosporon mucoides No blast Trichosporon mucoides Candida deformans, Uncultured fungus clone S24 T
MS4 – No blast Trichosporon mucoides Uncultured Trichosporon,Candida deformans
MS5 No blast No blast Trichosporon mucoides Candida deformans, Uncultured fungus clone S24 T
MS6 Trichosporon mucoides No blast Trichosporon mucoides Candida deformans, Uncultured fungus clone S24 T
MS7 Trichosporon mucoides, Basidiomycota sp Trichosporon dermatis Trichosporon mucoides Candida deformans, Uncultured fungus clone S24 T
MS8 Trichosporon mucoides – Trichosporon mucoides Candida deformans, Malassezia globosa
MS9 No blast – – Candida deformans, Uncultured basidiomycota
MS10 – – Trichosporon mucoides Davidiella tassiana, Candida deformans

Controls Region ITS1 Region ITS2 TB26S Next sequencing generation (NGS)

C1 – – – Candida deformans, Uncultured basidiomycota
C2 No blast – – Rhodotorula mucilagonosa, Uncultured cladosporium
C3 No blast – – Candida deformans, Candida intermedia
C4 No blast – – Candida deformans, Uncultured basidiomycota
C5 Uncultured fungus – – Candida deformans, Uncultured fungus clone S24 T
C6 Uncultured fungus – Trichosporon mucoides Candida deformans, Uncultured soil fungus
C7 No blast – – Candida deformans, Uncultured basidiomycota
C8 – – – Candida deformans, Davidiella tassiana
C9 – – – Candida deformans, Uncultured fungus clone S24T

No blast: Sequence not found.
_: Not amplified band.
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Fig. 2. Distribution of fungal class, orders, families and genera obtained by NGS of DNA from (A) ten MS patients and (B) nine control subjects. Computational
analyses of the sequences obtained on the Illumina platform using Qiime classified the data into fungal class, orders, families and genera. Asc: Ascomycota, Bas:
Basidiomycota.

Fig. 3. Presence of several fungal genera in MS patients and controls. Percentages of the most representative fungal genera Botrytis, Candida, Davidiella, Malassezia,
Rhodotorula and Trichosporon between MS patients and controls. Median of the percentages of the different genera as indicated.
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3.2. Identification of fungal species in the CNS by next-generation
sequencing

Given our results, we next used NGS to gain more in-depth knowl-
edge about the fungal diversity in the samples examined. To do this, the
DNA preparations obtained from frozen tissue were analyzed on the
Illumina platform, revealing a variety of fungal species in each DNA
preparation from MS patients. The species with relative abundance
above 1% are listed in Supplementary Table III. The number of se-
quences analyzed in each sample ranged from 140,000 to 410,000 and
are also shown in this Table. Consistent with the PCR results from the 8
patients who were positive for Trichosporon DNA (Supplementary
Fig. 1), this genus was also detected by NGS, with a high percentage in
samples from two patients (patients MS2 and MS4). In addition to the
presence of Trichosporon, the NGS analysis revealed other fungi at high
percentages in most MS patients, such as Candida deformans (also
known as Yarrowia lipolytica) (Ascomycota). In fact, this species was the
most strikingly abundant in this analysis. Other fungal species that were
found in several patients included Davidiella tassiana, Uncultured ma-
lassezia and Uncultured fungus clone S24T. The distribution of these
species in the different fungal class, order family and genera is shown in
Fig. 2A. These analyses clearly show with high precision the different
fungal species found in each patient and also the relative proportion of
each in the total fungal DNA.

NGS study of fungal species in brain tissue from control subjects.
For comparative purposes, we used NGS to analyze the DNA ex-

tracted from the 9 control subjects described previously, which served
to compare the species present in the two types of samples. However,
because this is not a quantitative assay, the total amount of fungal DNA
in each sample cannot be compared using this test. A variety of fungal
species was also found in the control preparations (Supplementary
Table IV). Notably, C. deformans (Y. lipolytica) was found in most of the
control DNA samples, although the percentages were lower than those
in MS patients, in line with the nested PCR analysis. Other fungal
species that were detected in several controls included Botrytis cinerea,
Rhodotorula mucilaginosa and Uncultured fungus clone S24T. The dis-
tribution of these species in the different fungal class, order family and
genera is depicted in Fig. 2B. Comparison of the proportions of the most
significant genera in MS versus control subjects is shown in Fig. 3. Some
of these genera, such as Candida, Davidiella, Malassezia and Trichosporon
were more abundant in MS than in control individuals, whereas the

genera Botrytis and Rhodotorula were significantly more abundant in
control than in MS tissue. Furthermore, the statistical analysis carried
out with the Wilcoxon test shows significant differences between MS
patients and control subjects in the genera Candida, Malassezia and
Trichosporon with the p-values 0.00113, 0.00005 and 0.02199, respec-
tively. Since the p-value is lower than the significance level 0.05, we
can conclude that there are significant differences in these genera. In-
terestingly, some orders were only detected in MS patients, for example
Eurotiales, Lecanorales, Pleosporales and Tremellales, whereas the orders
Heloteliales and Hypocreales were specific for control subjects.

Principal component analysis of the NGS data sets in MS and con-
trols is shown in Fig. 4A. The analysis indicated that the distribution of
these species was not very different between MS and control subjects
but, interestingly, samples from patients MS2 and MS4, who presented
a high level of Trichosporon deviated from the other samples. Further-
more, when this comparison was made between MS and AD patients,
the distribution was quite different (Fig. 4B). These results clearly point
to the idea that the mycobiota (fungal community) in MS can be dif-
ferentiated from that detected in AD patients.

3.3. Direct visualization of fungal structures in the CNS of MS patients

Having established the presence of specific fungal DNA sequences in
the CNS of MS patients, we next sought to test whether fungal structures
could be directly visualized in CNS tissue. Sections were analyzed by
immunohistochemistry using a battery of antifungal antibodies raised
against C. glabrata, C. albicans and P. betae. Specifically, double im-
munofluorescence using an antifungal antibody and an anti-human α-
tubulin antibody was performed on tissue sections from several CNS
areas of two MS patients (MS1 and MS10); specifically, the FC, spinal
cord (SPC), and two plaques (PLA1 and PLA2). As expected, these an-
tibodies recognized several yeast-like and hyphal structures (Fig. 5,
shown in green), and a variety of fungal structures was identified with
different morphologies. Some of them exhibited a yeast-like shape
(Fig. 5, panel A: images MS1 FC and SPC; and MS10 FC: Panel B: image
MS10 SPC. Panel C: images MS1 PLA1 and MS10 SPC), whereas hyphal
structures were evident in others (Fig. 5, panel B: MS1 FC and PLA2;
and MS10 FC and PLA1).

To gain further insight into the fungal origin of these structures, two
additional rabbit polyclonal antibodies were tested: one raised against
fungal β-tubulin and the other selectively recognizing fungal chitin.

Fig. 4. Principal component analysis.
(A) Principal component analysis of MS and control samples: 3D principal component analysis scatter plots of MS patients and controls and distribution between ten
MS patients and nine controls. (B) Distribution between ten AD patients using FC samples (plots in red) and ten MS patients (plots in blue). The UniFrac method was
used to calculate this parameter.
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Fig. 5. Immunohistochemistry in CNS sections from MS using antifungal antibodies. Paraffin-embedded tissue sections from four CNS regions (FC, SPC and two
plaques: PLA1 and PLA2) of two MS patients (MS1 and MS10) were processed for immunohistochemistry analysis as described in Materials and Methods. (A) Sections
were immunostained with a rabbit polyclonal antibody (1:500 dilution) against C. glabrata (green). (B) Sections were immunostained with a rabbit polyclonal
antibody (1:100 dilution) against C. Albicans (green). (C) Sections were immunostained with a rabbit polyclonal antibody (1:100 dilution) against P. Betae. Sub-
sequently, all sections were immunostained with a mouse monoclonal antibody against human α-tubulin (1:50 dilution) (red). Sections were then incubated with the
corresponding secondary antibodies. Finally, the nuclei were stained with DAPI (blue). Scale bar: 5 μm.

Fig. 6. Immunohistochemistry in CNS sections from MS using antibodies against fungal β-tubulin and chitin. Four CNS regions (FC, SPC and two plaques: PLA1 and
PLA2) of two MS patients (MS1 and MS10) were processed for immunohistochemistry analysis as described in Materials and Methods. Samples were immunostained
with rabbit polyclonal antibodies against fungal β-tubulin (A) (1:50 dilution) and chitin (B) (1:50 dilution) (green), and a mouse monoclonal antibody against human
neurofilaments (1:50 dilution) (red). Nuclei were stained with DAPI (blue). Scale bar: 5 μm.
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Fig. 6 shows that immunopositive fungal structures were identified with
both of these antibodies (shown in green). Double immunofluorescence
analysis employing a second antibody that immunoreacts with human
neurofilaments (red) verified the fungal origin of the immunoreactivity.
In conclusion, the use of a battery of antifungal antibodies unequi-
vocally demonstrates the presence of fungi in the CNS tissue of MS
patients.

Of interest, in some of the immunopositive regions, yeast-like
structures were located intracellularly and in some instances they could
be clearly seen inside the nucleus (stained with 4′6-diamidino-2-phe-
nylindole, DAPI), as assessed in orthogonal projections with 3D analysis
(Fig. 7). Indeed, some yeast-like structures were noticeably intranuclear
(Fig. 7, panel B) and, even more strikingly, some hyphae could be found
transversing the nuclear membrane (Fig. 7, panels A and F).

An illustrative widefield image of MS CNS tissue stained with anti-
chitin antibodies is shown in Fig. 8. Strikingly, two microfoci were
observed in which a number of spherical chitin-immunopositive bodies
were mainly located in their periphery. This may represent, at the
microscopic level, the origin of the focal lesions that are observed
macroscopically.

Another interesting anatomophysiological feature of MS is the pre-
sence of corpora amylacea (CA) in neural tissue (Selmaj et al., 2008;
Abel et al., 2010). Indeed, abundant CA were evident in some tissue
sections from patients with MS that were immunopositive for fungi
(green) (Fig. 9). These CA are morphologically similar to those de-
scribed in other neurodegenerative diseases, including AD and ALS
(Pisa et al., 2016). Thus we speculate that the CA from these diseases
and also MS contain fungal antigens that are incorporated during the
generation of these bodies. Since CA are formed over long time periods
(months or even years), the appearance of fungal proteins demonstrates
that they are trapped during the formation of CA.

Finally, we tested all of these antibodies in control subjects
(Supplementary Fig. 2). We noted that a few yeast-like cells and hyphae
could be occasionally observed, albeit at a lower frequency than that
detected in MS patients.

3.4. Detection of bacterial components in the CNS of MS patients

Previous studies have reported that bacterial DNA and pepti-
doglycan can be detected in the CNS of MS patients (Schrijver et al.,
2001; Branton et al., 2016). The bacterial species in MS brains have
been detected using NGS. To extend this analysis, we first used nested
PCR to assess bacterial DNA in CNS DNA extracted from the 10 MS
patients as described in previous sections. We designed primers to
amplify the IGS between the prokaryotic rRNA genes. One DNA frag-
ment of about 500 bp corresponding to bacteria was found in five pa-
tients (Supplementary Fig. 3). Sequencing analysis revealed that this
fragment corresponded to Cutibacterium acnes (formerly Propioni-
bacterium acnes). In one patient (MS6), a DNA fragment of about
650 bp corresponding to Esherichia coli was found. In the nine control
DNA samples, a similar band of 500 bp corresponding to C. acnes was
also detected in four of them (C3, C4, C7 and C9).

Aside from bacteria, some viruses have been implicated as potential
pathogens in MS. Thus, we tested for the presence of herpesvirus DNA
by nested PCR using primers to amplify HSV-1 or EBV DNA. Although
the primers employed efficiently amplified viral DNA, no amplification
was obtained using the 10 DNA samples from MS patients
(Supplementary Fig. 3). Finally, we also tested for the presence of
Toxoplasma gondii DNA in CNS DNA. Infection of the CNS by this

protozoan could contribute to the induction of antibodies against some
host antigens. Our nested PCR assay failed to find T. gondii DNA in the
CNS of the MS patients tested. This is consistent with the finding that
the presence of T. gondii antibodies negatively correlated with MS
(Stascheit et al., 2015).

To further analyze the presence of bacterial cells in MS brain tissue,
we carried out double immunofluorescence analysis as before. The CNS
sections described above from 2 MS patients were incubated with dif-
ferent antibacterial and antifungal antibodies (Fig. 10): a rabbit poly-
clonal antibody against Chlamydia pneumoniae (green) was used in
combination with a rat polyclonal antibody against T. viride (red); also,
mouse monoclonal antibodies against C. pneumoniae or peptidoglycan
(green) were used in combination with a rabbit polyclonal antibody
against C. albicans (red). A number of putative bacteria could be
identified using these antibodies in CNS sections (Fig. 10); however,
since the anti-bacterial antibodies employed may also cross-react with
some fungi, particularly in the case of the rabbit polyclonal antibody
against C. pneumoniae (Pisa et al., 2017), we cannot rule out the pos-
sibility that the structures observed belong to fungal cells. Indeed, some
structures stained with both the antifungal and the antibacterial anti-
bodies (Fig. 10: panel A: images MS1 FC and MS10 FC; panel B images
MS1 PLA2, MS1 SPC, MS10 FC and MS10 PLA2; and panel C MS1 PLA1,
MS1 PLA2 and MS10 PLA1). Thus, while the monoclonal antibody
against peptidoglycan recognizes prokaryotic cells, we cannot rule out
the possibility of cross-reactivity of this antibody with fungal antigens.

Additionally, the CNS sections described above were incubated with
a rabbit polyclonal antibody against Borrelia burgdorferi (green) and the
rat polyclonal antibody against T. viride (red) (Fig. 11). This combina-
tion was used to detect potential spirochetal structures in CNS tissue.
Indeed, several rounded microbe-like structures could be detected using
these antibodies; however, none of them exhibited a spirochetal mor-
phology. Most probably these microbies are fungi because they im-
munostained with anti-T. viride antibodies and the anti-B. burgdorferi
antibody also cross-reacts with a number of yeast species (Pisa et al.,
2017). Moreover, the similarity in the site and shape of the microbial
cells observed with these antibodies is comparable to those observed
with anti-chitin antibodies (Figs. 6 and 8). Importantly, the presence of
microfoci bearing a number of these microbes was also detected upon
inspection of a widefield image (Fig. 11B). Thus, the microfoci could be
revealed by using different antibody combinations, and the size and
morphology of the microbial cells detected in Figs. 8A and 11B were
similar.

Remarkably, similar to what was seen with the fungal structures
described above, microbial cells could be detected intracellularly and in
some instances were also clearly located inside the nucleus, as assessed
in orthogonal projections with 3D analysis (Fig. 12). These findings
support the notion that the intracellular colonization of neural cells by
these microbes occurred when the patient was still alive.

As described above, abundant CA can be detected with antifungal
antibodies (Fig. 9). To test whether these CA were immunopositive for
bacterial components, sections were inmunolabeled with antibacterial
antibodies (green) and antifungal antibodies (red) (Supplementary
Fig. 4). Interestingly, most of CA were immunopositive for both anti-
bodies, suggesting that these components were present in CA.

Finally, the antibacterial antibodies were tested in CNS sections
from control subjects (Supplementary Fig. 5). Again, a few structures
could be occasionally observed, but most of these sections were devoid
of any identifiable microbial cell, suggesting that the burden of these
putative infections is lower in control subjects.

Fig. 7. Orthogonal projections and 3D images using several antifungal antibodies. Orthogonal projections (A–D) and different stacks from 3D images (E–G) from four
CNS regions (FC, SPC and two plaques: PLA1 and PLA2) of two MS patients (MS1 and MS10). Samples were immunostained with a rabbit polyclonal antibody against
C. albicans (A, D, F); a rabbit polyclonal antibody against P. betae (B, G); a rabbit polyclonal antibody against fungal β-tubulin (C) and a rabbit polyclonal antibody
against C. glabrata (E); all shown in green. Panels A, B, E and F: patient MS1; panels C, D and G: patient MS10. Panels C, E and G: FC; panels A, D and F: PLA1; and
panel B: PLA2. Nuclei were stained with DAPI (blue). All scale bars: 5 μm.
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Fig. 8. Widefield image immunostained with an anti-chitin antibody. (A) SPC region of MS1. (B) SPC region from C12. Both samples were immunostained with a
rabbit polyclonal antibody against chitin (1:50 dilution) (green) and a mouse monoclonal antibody against human neurofilaments (1:50 dilution) (red). Right panels,
two amplified fields are shown to see these areas in more detail (boxed). Scale bars as shown in the figure panels.
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Fig. 9. Fungal proteins in corpora amylacea. (A) PLA1 section from patient MS10 immunostained with a rabbit polyclonal antibody (1:500 dilution) against C.
glabrata (green) and a mouse monoclonal antibody against human α-tubulin (1:50 dilution) (red). (B) SPC section from patinet MS10 immunostained with a rabbit
polyclonal antibody against fungal β-tubulin (1:50 dilution) (green) and a human mouse monoclonal antibody against neurofilaments (1:50 dilution) (red). In all
cases, nuclei were stained with DAPI (blue). Right panels: two amplified fields are shown to see these areas in more detail (boxed). Scale bars as shown in the figure
panels.
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4. Discussion

Our previous studies have identified antifungal antibodies and
fungal proteins in the serum of MS patients, and also fungal proteins
and DNA in the CSF of these patients (Ramos et al., 2008; Benito-Leon
et al., 2010; Pisa et al., 2013). In this study, we demonstrate the pre-
sence of mycoses accompanied by bacterial colonization in the CNS of
MS patients. To the best of our knowledge, this is the first contribution
to the novel concept of polymicrobial infections in MS.

In addition to this evidence, the clinical features of MS are con-
sistent with the notion that microbial infections are the etiological
agents of MS. For instance, the chronic and progressive symptoms of MS
are consistent with the slow progression of many fungal infections.
Also, fungal infections are prone to relapses if they remain untreated.
One of the most salient features of chronic MS is local lymphocytic
inflammation and microglial activation (Lassmann, 2018; Reich et al.,
2018). Thus, it is thought that T cell-mediated inflammation con-
tributes to tissue damage. However, it is also possible that this neu-
roinflammation is a reaction to the microbial infections that induce
demyelination and can also destroy neurons. In this regard, infiltration
of monocytes and T and B lymphocytes, as well as microglia activation,
are mainly directed to combat this infection. The participation of B
lymphocytes in MS is reflected by the intrathecal immunoglobulin
synthesis and an oligoclonal pattern. This oligoclonal immunoglobulin
in CSF is typical of MS, but also appears in some infections (Correale
and de los Milagros Bassani Molinas, 2002; Fainardi et al., 2009;
Bonnan et al., 2015). Differences in the pathology of acute, relapse-
remitting and progressive MS may be the consequence of the different
microbial species in each patient. In addition, differences in the clinical
symptoms and evolution of the disease may reflect different genetic
backgrounds of each patient, as well as the activation of the immune
system, diet, obesity, life-style, vitamin D deficiency and the microbiota
(Hedstrom et al., 2016; Esposito et al., 2017; Trott and King, 2018).
These variables would account for the different pathological symptoms
of each patient. Finally, the existence of focal lesions, which are an
important pathological hallmark of MS, is also consistent with the
concept that MS may be produced by microbial infections. Indeed, as
illustrated in the present study, some microfoci can be found containing
a number of fungal cells that are immunopositive for chitin.

Besides these considerations, the present findings provide an ex-
planation for the findings that human chitotriosidase levels are highly
elevated in MS patients (Comabella et al., 2010; Canto et al., 2015;
Mollgaard et al., 2016; Novakova et al., 2017). Indeed, there are chitin-
positive fungal cells in the CNS of MS, as we show here using specific
anti-chitin antibodies. Obviously, the presence of fungal cells that
contain chitin would trigger the synthesis of chitotriosidase. Moreover,
calprotectin is also elevated in the CSF of MS patients (Berg-Hansen
et al., 2009). This protein is synthesized by neutrophils and macro-
phages in response to infections, exhibiting potent antifungal activity
(Steinbakk et al., 1990; Urban et al., 2009). Furthermore, amyloid de-
posits are also found in MS, similar to those found in brain of patients
with AD (Chandra, 2015). The amyloid peptide forms part of the innate
immune response against microbial infections and can inhibit at low
concentrations the growth of C. albicans (Soscia et al., 2010; Kumar
et al., 2016). All of these findings support the notion that there is an
immune response to microbial infections in the CNS of MS patients.

Interestingly, chitotriosidase, amyloid and some pro-inflammatory
proteins are also elevated in other neurodegenerative diseases such as
AD and ALS (Bonneh-Barkay et al., 2010; Vogl et al., 2012; Antonell

et al., 2014; Chen et al., 2016; Horvath et al., 2016). Moreover, neu-
roinflammation is also common to these diseases (Chen et al., 2016;
Molteni and Rossetti, 2017; Labzin et al., 2018), and similar patholo-
gical findings have been found for MS and AD (Lassmann, 2011;
Chandra, 2015). Indeed, infiltrates of T lymphocytes and macrophages
can be found in the CNS in all of these diseases. Recently, we provided
compelling evidence demonstrating microbial infections in the CNS of
AD and ALS patients (Pisa et al., 2015; Alonso et al., 2017; Pisa et al.,
2017). The different microorganisms and the route of infection as well
as the genetic background, life-style, and hormone levels of patients,
among others, could account for the clinical symptoms observed in
these diseases. In this regard, T. mucoides and C. deformans were the
most common fungal pathogens in MS, whereas Alternaria, Botrytis,
Candida, Cladosporium and Malassezia were the most common genera
found in the CNS of AD patients (Alonso et al., 2017), and Candida,
Malassezia, Fusarium, Botrytis, Trichoderma and Cryptococcus the most
common genera in ALS patients (Alonso et al., 2017). Therefore, the
different types of colonizing fungi in CNS may be an important de-
terminant of the disease, in addition to other variables such as the route
of entry, age and gender and diet.

The finding that anti-inflammatory treatments have almost no
beneficial effects in late-stage patients casts doubt on the concept of MS
as merely a neuroinflammatory disease (Lassmann, 2018). This lack of
activity of anti-inflammatory compounds, however, would be in
agreement with the idea that MS is due to polymicrobial infection.
Following this reasoning, treatment with anti-inflammatory agents
would alleviate clinical symptoms early in the disease, when infections
are initiated. But, these treatments would be detrimental in the long-
term as they can favor the establishment and spread of microorganisms.
Accordingly, MS therapy could benefit from already approved anti-
fungal and antibacterial treatments, if started early. In this regard, the
industrial antifungal compound dimethyl fumarate is one of the most
efficacious treatments for MS (Hamidi et al., 2018), which may be due
to its activity against some fungi. Antifungal agents that are more ef-
ficacious and with less side effects than dimethyl fumarate could be
assayed in MS patients. Indeed one patient with MS has been treated for
a short time with fluconazole, with very encouraging effects (Pisa et al.,
2011). Therefore, our present observations open new horizons for the
treatment of MS patients. Clinical trials with approved antifungal
agents in combination or not with antibacterial antibiotics will de-
termine to what extent mycoses and opportunistic bacteria play a part
in the etiology of MS.
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Fig. 10. Immunohistochemistry of CNS sections from MS patients using several antibacterial antibodies. Four CNS regions of two MS patients (MS1 and MS10) were
processed for immunohistochemistry analysis as described in Materials and Methods. (A) Rabbit polyclonal antibody against C. pneumoniae (1:20 dilution) (green)
and rat polyclonal antibody against T. viride (1:20 dilution) (red). (B) Mouse monoclonal antibody against Chlamydia (1:10 dilution) (green) and rabbit polyclonal
anti-C. Albicans (1:100 dilution) (red). (C) Mouse monoclonal anti-peptidoglycan antibody (1:20 dilution) (green) and rabbit polyclonal anti-C. albicans (1:100
dilution) (red). Nuclei were stained with DAPI (blue). Scale bar: 5 μm.
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Fig. 11. Immunohistochemistry of CNS sections from two MS patients using an antibody against B. burgdorferi. (A) Four CNS regions from two MS patients were
processed for immunohistochemistry analysis as described in Materials and Methods. Samples were inmunostained with a rabbit polyclonal antibody against B.
burgdorferi (1:50 dilution) (green) and a rat polyclonal antibody against T. viride (1:20 dilution) (red). Nuclei were stained with DAPI (blue). (B) Widefield image from
a SPC section from patient MS1 is shown. Scale bars as shown in the figure panels.
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Fig. 12. Orthogonal projection and 3D images of CNS sections from MS. Orthogonal projections (A–C) and different stacks from 3D images (D–G) from four CNS
regions (FC, SPC and two plaques: PLA1 and PLA2) from two MS patients. (A, D) Samples were immunostained with a rabbit polyclonal antibody against C.
pneumoniae (1:20 dilution) (green) and a rat polyconal antibody against T. viride (1:20 dilution) (red). (B) Rabbit polyclonal antibody against B. burgdorferi (1:50
dilution) and rat polyclonal antibody against T. viride (1:20 dilution) (red). (C, E) Mouse monoclonal antibody against peptidoglycan (1:20 dilution) and rabbit
polyclonal anti-C·Albicans (1:100 dilution) (red). (F, G) Mouse monoclonal antibody against Chlamydia (1:10 dilution) and rabbit polyclonal antibody against C.
albicans (1:100 dilution) (red). Nuclei were stained with DAPI (blue). Panels A, C, E and F: patient MS1; panels B, D and G: patient MS10. Panels A, B, C, D, E and G:
FC; and panel F: PLA1. All scale bars: 5 μm.
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