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Abstract

Somatic mutations have a central role in cancer, but there are also a few rare autoimmune

diseases in which somatic mutations play a major role. We have recently shown that nonsy-

nonymous somatic mutations with low allele fractions are preferentially detectable in CD8+

cells and that the STAT3 gene is a promising target for screening. Here, we analyzed

somatic mutations in the STAT3 SH2 domain in peripheral blood CD8+ cells in a set of 94

multiple sclerosis (MS) patients and 99 matched controls. PCR amplicons targeting the

exons 20 and 21 of STAT3 were prepared and sequenced using the Illumina MiSeq instru-

ment with 2x300bp reads. We designed a novel variant calling method, optimized for large

number of samples, high sequencing depth (>25,000x) and small target genomic area.

Overall, we discovered 64 STAT3 somatic mutations in the 193 donors, of which 63 were

non-synonymous and 77% have been previously reported in cancer or lymphoproliferative

disease. The overall median variant allele fraction was 0.065% (range 0.007–1.2%), without

significant difference between MS and controls (p = 0.82). There were 26 (28%) MS patients

vs. 24 (24%) controls with mutations (p = 0.62). Two or more mutations were found in 9 MS

patients vs. 2 controls (p = 0.03, pcorr = 0.12). Carriership of mutations associated with older

age and lower neutrophil counts. These results demonstrate that STAT3 SH2 domain is a

hotspot for somatic mutations in CD8+ cells with a prevalence of 26% among the partici-

pants. There were no significant differences in the mutation prevalences between MS

patients and controls. Further research is needed to elucidate the role of antigenic stimuli in

the expansion of the mutant clones. Furthermore, the high discovered prevalence of STAT3

somatic mutations makes it feasible to analyze these mutations directly in tissue-infiltrating

CD8+ cells in autoimmune diseases.
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Introduction

Multiple sclerosis (MS) is an autoimmune disorder in which immune dysregulation in the

periphery leads to central nervous system (CNS) myelin breakdown and axonal damage. MS is

a multifactorial disease with both genetic and environmental risk factors.

Genetic approaches have identified a few hundred common polymorphisms that predis-

pose to the development of MS [1, 2]. Collectively, these genetic association signals and their

expression patterns suggest that peripheral leukocytes are the drivers of the perturbed immune

response and that microglia may have a role in targeting the autoimmune process to the CNS

[2]. Environmental contribution is important, and Epstein-Barr virus (EBV) has been recog-

nized as the strongest risk factor of MS [3]. However, EBV infection is so common that the

absolute risk associated with it is small, even after infectious mononucleosis [4]. EBV is an

oncogenic virus that has also been implicated in lymphoid and epithelial cancers as well as

lymphoproliferative conditions [5]. A recent analysis of the genetic and environmental risk

factors of MS suggest that the known factors and their interactions cannot explain the low

prevalence of MS (ca. 1/500 in high-risk areas) and disease pathogenesis is probably partly sto-

chastic [6].

Somatic mutations resemble stochastic events, although the occurrence of mutations is not

entirely random in codons [7]. Somatic mutations occur in human cells from embryonal stage

over the entire lifespan and mutational burden increases with age [8]. Somatic mutations play

a well-known major role in carcinogenesis but may also have a possible role in autoimmune

disease by generating “a forbidden clone” that “can pass the homeostatic barrier although it is

reactive with a self-component” as proposed already in the 1960s by Burnet [9]. Lymphoma

driver mutations have been discovered in cells making pathogenic autoantibodies [10] and it

has been proposed that somatic mutations in a self-reactive clone could bypass multiple toler-

ance checkpoints and lead to “stochastic onset of autoimmunity” [11]. Indeed, somatic muta-

tions in peripheral blood leukocytes have been shown to underlie certain rare autoimmune

disorders [12–14]. The role of somatic mutations in more common autoimmune diseases is,

however, still unclear.

Somatic mutations in MS patients’ cultured autoreactive T-lymphocytes was reported in

1990s indirectly by using the hypoxanthine guanine phosphoribosyltransferase (HPRT) assay

[15, 16]. We have recently shown that somatic mutations are preferentially detectable in CD8

+ cells [17] and that these mutations are especially enriched in the signal transducer and acti-

vator of transcription 3 (STAT3) gene and to lesser extent in other genes implicated in hemato-

logical malignancies [18]. Activating mutations of STAT3 can confer a survival and

proliferation advantage to a CD8+ clone [19], increasing the clone size to reach detection

threshold. Moreover, STAT3 is a central component of several lymphocyte signaling pathways

raising the question, whether the mutant CD8+ T cell clones play a role in autoimmunity.

STAT3 is a cytosolic protein that, upon activation, is phosphorylated, dimerizes and trans-

locates to the nucleus to activate or repress target gene transcription. STAT3 can be activated

by many pro-inflammatory cytokines, hormones and growth factors [20]. STAT3 loss-of-func-

tion mutations have been reported in the human immunodeficiency condition termed Hyper

immunoglobulin E syndrome; these patients are susceptible to bacterial and fungal infections

as well as compromised T cell memory to varicella zoster virus and EBV [21]. Activating germ-

line mutations of STAT3 result in early-onset lymphoproliferation, immune deficiency and

multi-organ autoimmunity [22, 23]. Somatic mutations activating STAT3 have been discov-

ered especially in T-cell large granular lymphocytic (T-LGL) leukemias (40%) as well as in

Felty syndrome (neutropenia, splenomegaly, rheumatoid arthritis) and less frequently in aplas-

tic anemia and myelodysplastic syndrome [24–27]. Interestingly, in aplastic anemia the

PLOS ONE High prevalence of low-allele-fraction somatic mutations in STAT3

PLOS ONE | https://doi.org/10.1371/journal.pone.0278245 November 28, 2022 2 / 20

STRATIFY projects), Academy of Finland, Cancer

Foundation Finland, Gyllenberg foundation, Biogen

Finland, Sanofi-Genzyme, Roche and Novartis. The

funders had no role in study design, data collection

and analysis.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0278245


presence of STAT3 mutations was associated with the carriership of HLA-DR15, which is a

major genetic risk factor of MS [26]. Activating STAT3 mutations cluster in the Src-homol-

ogy-2 (SH2) domain and lead to constitutive phosphorylation, dimerization and upregulation

of transcriptional activity [24]. T-LGL leukemia patients with STAT3 mutations often pre-

sented with rheumatoid arthritis [28] providing a link between autoimmunity and somatic

mutations in STAT3.

STAT3 has been implicated in many ways in MS. Germline intronic variants and a risk hap-

lotype encompassing 5’ half of the STAT3 gene and its immediate promoter region have been

found to predispose to MS [29]. The STAT3 gene as well as the JAK-STAT signaling pathway

have been identified important in protein interactome analyses of published GWASes [30, 31].

Moreover, increased STAT3 phosphorylation has been associated with disease activity of MS

[32, 33]. STAT3 signaling has been implicated in the skewed effector:regulatory T cell balance

in both MS and experimental autoimmune encephalomyelitis (EAE), the most widely used

animal model of immune-mediated demyelination. In the context of EAE, there is evidence

that inhibition of STAT3 directly [34], or upstream by targeting the JAK1/2 pathway [35] can

ameliorate disease symptoms.

In the present study, we analyzed peripheral blood CD8+ cells’ DNA of MS patients and

matched controls by deep amplicon sequencing and searched for somatic mutations in the two

main exons encoding the SH2 domain of STAT3. In previous research by us and others, the

SH2 domain has contained activating somatic mutations in various conditions and is thus a

promising target for screening. By limiting our sequencing to these two exons that especially

our previous study [18] flagged as promising, we were able to employ very high sequencing

depths. The high sequencing depth allowed us to discover smaller clones that are far more

numerous than large, clearly expanded cell clones (allele fraction >1%) detectable using less

sequencing depth [36], opening a view to the landscape of STAT3 somatic mutations previ-

ously unseen. We aimed to estimate the prevalence of STAT3 somatic mutations and to test, if

the STAT3 mutations are distributed differently between MS cases and controls. It is known

that high-depth variant calling may prove challenging [37], so to better facilitate the high

sequencing depths in this data, we developed a novel variant calling method that is optimized

for large number of samples, high sequencing depth and small target genomic area.

Materials and methods

Study participants

MS patients were recruited at the Helsinki University Hospital Department of Neurology out-

patient clinic during their diagnostic examinations (n = 66), or during their follow-up after

MS diagnosis (n = 32). We included patients with longer duration to increase the age range of

the subjects. All patients fulfilled either the diagnostic criteria of Poser (n = 11), McDonald

2001 (n = 84), or from 2018 onwards McDonald 2017 (n = 3). Cerebrospinal fluid oligoclonal

bands or increased IgG index were found in 97/98 (99%) of the patients. Barkhof’s [38] mag-

netic resonance imaging 4/4 criteria were met in 65 (66%) of the patients in their diagnostic

scan, ¾ criteria in 19 (19%), 2/4 criteria in 11 (11%) and ¼ criteria in 3 (3%). Age- and sex-

matched controls (n = 99) without evidence for demyelinative disease were selected from

patients with other neurological diseases/symptoms visiting the outpatient clinic (n = 19),

blood donors (n = 38) and healthy volunteers (n = 42). The demographic features of the

patient and control groups are shown in Table 1 and individual information of the MS patients

in S1 Table and controls in S2 Table. S2 Table also shows diagnoses/ICD-10 codes, CSF and/or

MRI examination results (normal vs. specific finding) of the 19 controls recruited from the

patients visiting the outpatient clinic. The diagnoses of these 19 controls were paresthesia
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(n = 6), previous neurosarcoidosis (n = 2), intervertebral disc disease (n = 2) and one case of

each of the following: spinocerebellar ataxia, metabolic encephalopathy, myasthenia gravis,

unspecific myasthenia plus Meniere’s disease, narcolepsy, pseudotumor cerebri, limb pain,

subjective visual disturbances, unspecific vertigo. Differential diagnostic workup included CSF

and/or MRI examinations and none had evidence of CNS inflammation in these examinations.

Of the 98 patients 94 (96%) were ethnic Finns; additionally, there were two patients that were

British, one Estonian, and one Polish. Of the 99 controls 97 (98%) were ethnic Finns, addition-

ally, one control was born in South Korea and one in Poland. Four of the 98 MS patients were

excluded from the mutation analysis, because their samples had low sequencing coverages.

The number of patients in the tables is therefore 94. Some of the participants were included in

our previous studies as well using much lower sequencing depths [17, 18]. Of the MS patients

16 were included in our first study [17] and 17 in our second study [18]. Of the controls 2 were

included in our first study [17] and 20 in our second study [18]. In the first study using a

median coverage of 723x we disocovered one STAT3 SH2 domain mutation in 20 participants

and in the second study using a median coverage of 2349x we discovered 6 STAT3 mutations

in 42 participants, of which 4 were in the SH2 domain.

This study has been approved by the regional ethics committee (Dno 83/13/03/01/2013).

All participants gave informed written consent.

CD8+ cell separation and DNA extraction

Peripheral blood mononuclear cells (PBMCs) were extracted from venous EDTA blood using

Ficoll-Paque PLUS (GE Healthcare) as previously described [18]. From the PBMCs, positive

separation with MACS CD8 antibody MicroBeads (Cat. No. 130-045-201, Miltenyi Biotec,

Bergisch Gladbach, Germany) was performed using an OctoMACS magnetic separator (Milte-

nyi Biotec) following the manufacturers protocol. From the separated cell populations, DNA

and RNA were extracted using the InviTrap Spin Universal RNA Mini Kit for the amplifica-

tion and library preparation in batches 1–3 (Stratec Biomedical, Birkenfeld, Germany) accord-

ing to manufacturer’s instructions. From the blood donor samples, DNA was extracted with

Nucleospin Tissue DNA extraction kit (Machery Nagel, cat. no 740952.250) according to the

manufacturer’s instructions. To obtain better yield of DNA the QIAamp DNA Mini Kit (Qia-

gen) was used for batch 4. The purities of the separated CD8+ cells were tested in 52% of the

197 samples by flow cytometric analysis, in which T cells (CD3+) represented 89–99% of the

cells and the observed purities for CD8 were all� 84%. The CD8 subpopulations (CD27 and

CD45RA positives and negatives) were not tested for purities, because of the small number of

cells left after sequential negative and positive selection with immunomagnetic beads.

Table 1. Demographic features of the participants included to the mutation analysis.

MS patients Controls

Number 94�� 99

RMS/SPMS/PPMS 80/10/4 -

Median age (range) 37 yrs (20–68) 35 yrs (19–70)

Mean age 39.4 yrs 39.8 yrs

Percentage females 72% 71%

EDSS� mean/median (range) 2.4/2.0 (0–6.5) -

RMS, relapsing MS; SPMS, secondary progressive MS; PPMS, primarily progressive MS;

�EDSS, Expanded disability scale score at the time of sampling.

��Four MS patients were excluded from the mutation analysis, because their samples had low sequencing coverages.

https://doi.org/10.1371/journal.pone.0278245.t001
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HLA-DR15 typing

We used three methods. In 67 participants (34 MS patients, 33 controls) HLA-DR15 was geno-

typed by imputation from the Illumina Global Screening Array-24+MD v2 BeadChip data as

previously described [39]. In the 36 of the 38 blood donor controls HLA-DR15 was typed at

the Histocompatibility Testing Laboratory, Finnish Red Cross Blood Service accredited by

European Federation for Immunogenetics, as previously described [40]. In 87 participant (56

MS patients, 28 controls) an allele-specific PCR method was used [41]. HLA-DR15 data was

missing in 6 participants (4 MS, 2 controls). HLA-DR15 was found in 50% (45 out of 90) of

the MS patients and in 30% (29 out of 97) of the controls.

STAT3 SH2 domain exon 20 and 21 amplicon sequencing and library

preparation

We prepared amplicons using 500ng of template DNA targeting the exons 20 and 21 of

STAT3 in the same PCR reaction. Duplicate PCR reactions were made in all controls and in 82

of the 98 MS patients. CD8+ cell DNA was used up in 16 cases and only single amplicon was

made from these (all four excluded patients had sequence from only one PCR reaction hence

the final mutation analysis included 12 MS patients with single amplicon data). For exon 20,

we used the target specific forward primer sequence 5’-GTCAAGGCCATCTCCACCC and the

reverse primer sequence 5’-GGGATGGATGCCCTGTTAGC. For exon 21 the forward primer

sequence was 5-‘AATGCCAGGAACATGGAAAATC and the reverse primer was 5’-TCTTT
CCTTCCCA TGTCCTGTG. We followed the Illumina 16S sequencing protocol, and the prim-

ers contained 5’ overhang sequences used for sequencing adapter attachment, followed by the

above target specific sequences. Amplicons from different samples and replicates were distin-

guished by separate index sequences, but the two different exons were pooled together for

PCR amplification and shared a common index sequence. After library preparation, the ampli-

cons were sequenced using the Illumina MiSeq instrument producing 2x300bp reads.

In addition to each participant’s CD8+ cell DNA, we also prepared amplicons from two

technical reference sources: DNA from the NA12878 cell line (Coriell Cell Repository, Cam-

den, NJ, USA), and from a DNA pool mixed from whole blood Helsinki biobank samples of 8

healthy subjects age<35 yrs without autoimmune disease or cancer (https://www.

helsinginbiopankki.fi/en/front-page).

The amplicon sequencing was split into four different MiSeq sequencing batches. Total

number of sequenced libraries was 449, 78 libraries were sequenced in two or more batches to

increase sequencing depth.

Data analysis

Sequenced reads from the PCR amplicons were mapped to the GRCh37 reference genome

using BWA MEM [42]. Quality control was performed by assessing read quality scores with

the aid of seqtk and sequencing depths using mosdepth [43]. Germline variants were called

using GATK HaplotypeCaller [44].

Detecting low allele fraction somatic mutations from standard next generation sequenc-

ing data is known to be challenging using current methods [37, 45]. As several of our

sequencing libraries reached depths well over 25000x, we had an opportunity to search for

very low allele fraction variants, but as current methods have limitations [37] we developed

a new variant calling software to enable robust somatic variant calling from our high depth

amplicon data. The full source code of the variant caller is available for inspection and free

use at https://github.com/mvalorilab/somaticbatch under an open source license. The key
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difference of our variant caller from existing methods is that it is meant to analyze a full

library preparation and sequencing batch at a time. It can then attempt to remove repeating

low frequency artefacts that are specific to a given batch, which would not be possible if call-

ing variants from a single sample, without knowledge of the batch’s error profile. In addi-

tion to noise generated during sequencing, library preparation artefacts represent a major

source of errors in Illumina next generation sequencing data [46], and to help differentiate

these sources of error from true biological variation, awareness of other samples data in the

same batch enables checks for repeating artefacts that can be batch-specific. The robustness

of our variant calling method is examined in the discussion section, based on our variant

calling results.

For each run of the variant caller, sequencing data from libraries of a single library prepara-

tion and sequencing batch were analyzed together. For each sample within a batch, only such

basecalls that were identical on both strands of the sequenced amplicon and had a combined

base quality score of at least 60 were accepted. Each amplicon was paired-end sequenced using

sufficiently long reads, so data to check base calls on both strands from the corresponding

paired end reads was available. Within a single variant calling run, two statistical tests were

performed at each coordinate, for each sequencing library, and for every possible base substi-

tution. Both of these tests and a third criteria for sequencing noise all had to be passed for any

somatic variant call to be included in our results, as detailed below.

To eliminate repeating artefacts withing a batch, a between-sample comparison using Fish-

er’s exact test was used to compare the number of reference and alternate allele bases of a

sequencing library to the corresponding summed base counts of all other sequencing libraries

at that genomic coordinate. This criterion demands that a somatic variant call must be present

in enough reads to distinguish it from the locus specific background noise represented by the

summed base counts obtained from all other libraries.

Then, a separate within-sample test was performed with the aim to eliminate spurious false

positive calls from more poorly performing libraries that present an overabundance of some

particular base substitution type. The rate of similar base substitutions in other coordinates of

the sample was calculated, and a binomial test was performed using this expected noise rate

and the observed number of alternative bases at this particular coordinate.

The p-values obtained from both tests were Bonferroni corrected by the total number of

putative somatic variant calls. For each variant call, a third statistic to distinguish true variation

from noise was calculated as the log10 ratio of the fraction of variant bases observed to the

background noise rate (calculated identically as for the within-sample test). We refer to this

statistic as log noise ratio.

In order to obtain high sensitivity and specificity, we set the cutoffs for our p-values by

demanding that none of our technical replicate libraries (n = 28) showed any variant calls

using the same parameters as all other samples. We arrived to the parameters of between-sam-

ple p< 0.001 (after bonferroni correction), within-sample p< 0.001 (after bonferroni correc-

tion) and log noise ratio > 1. The variant calling procedure is summarized in Fig 1.

Observations that support the specificity of our somatic variant calling procedure are detailed

in the discussion section.

Double-positive and single-positive criteria in variant calling

For the most stringent variant call set, we required that a variant call needed to be present in

two separate libraries from the same donor DNA (double-positive). We made analyses also

with less stringent criteria by allowing a statistically significant call be present in only one

library (single-positive). This was carried out to maximize the utilization of the data since we
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did not have duplicate libraries from 16 MS patients and all libraries did not produce equally

good coverage.

Statistical analysis of demographic and laboratory data in mutation

carriers vs. non-carriers

Univariate analyses were carried out using student’s t-test or Fischer’s exact test. In the multi-

variate analysis, using binary logistic regression, we calculated the relationships between vari-

ables that showed nominal statistical significance (p<0.05) in the univariate analysis.

Neutrophil count was analyzed in the multivariate analysis, leukocyte count was omitted,

because it is highly dependent on neutrophil count. BMI and smoking were included to the

multivariate analysis due to their possible effect on neutrophil count. SPSS Statistics, Version

25v100 (IBM, USA) was used in these analyses.

Fig 1. Study workflow.

https://doi.org/10.1371/journal.pone.0278245.g001
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Results

STAT3 amplicon sequencing coverages and failure rates

We have previously shown that blood leukocyte clones with somatic mutations are detectable

especially in the CD8+ cells [17] and mutations show enrichment in the STAT3 gene [18], sug-

gesting more detailed screening at this locus. Here we used deep amplicon sequencing to call

low allelic fraction STAT3 somatic mutations from the CD8+ cells’ DNA in a larger set of MS

cases and controls with much improved sequencing depth compared to our previous studies.

The overall workflow is shown in Fig 1.

We recruited MS patients (n = 98) at the Helsinki University Hospital Department of Neu-

rology outpatient client, and age- and sex matched controls (n = 99) composed of other neuro-

logical disease patients from the same clinic, blood donors, and healthy volunteers. Details of

the participants are described in the methods section. From peripheral blood we separated

CD8+ cells and prepared targeted amplicons for next generation sequencing.

The two main exons (20 and 21) encoding the STAT3 SH2 domain were targeted. Counting

all technical replicates, 449 libraries were sequenced in 527 sequencing reactions (215 sequenc-

ing reactions in MS patients, 284 in controls, and 28 in reference DNAs). A median sequenc-

ing depth of 74,552x (range 0–379,019x) was obtained for exon 20 amplicons, and a median

depth of 46,912x (range 0–365,883x) for exon 21 amplicons. In exon 20,�25,000x coverage

was reached at least once in 94 of the 98 MS patients and in all 99 controls samples., In exon

21,�25,000x coverage was reached at least once in 91 of the 98 MS patients and 93 of the 99

controls. The coverages in the most successful sequencing reactions in patients and controls

are illustrated in S1 Fig.

The coverages in all sequencing reactions (including failures) in patients and controls are

illustrated in S2 Fig. In four participants repeated failures were encountered, all were MS

patients. These MS patients had coverages <1000x in all sequencing runs and we eventually

ran out of CD8+ cell DNA. These cases were excluded leaving 94 MS patients and 99 controls

for the mutation analyses. The coverages, number of libraries and sequencing batches/runs of

each participant are listed in S3 Table. The failures were related to PCR amplification in library

preparation that takes place before actual sequencing, as less successful libraries could already

be observed during library quantification.

Somatic variant calling using double- and single-positive criteria–overall

data

We called somatic variants from the amplicon sequencing data using a custom variant caller

optimized for data of this type. Because we prepared two technical replicate amplicons from

the majority of our DNA samples, we were able to verify several variant calls using two inde-

pendent sequencing libraries from the same donor (double-positive criteria). However, we did

not have enough DNA for two amplicons in all MS patients included to the mutation analysis

and all libraries did not obtain high enough sequencing coverage for robust variant calling.

Therefore, we also used less stringent criteria, which require that statistically significant variant

call is present in one library (single-positive criteria). This analysis allowed us to include more

samples with high sequencing depth, with a potential cost of increased noise.

The results using both criteria are summarized in Table 2. No somatic variants were present in

technical reference DNAs (see Methods; STAT3 SH2 domain exon 20 and 21 amplicon sequenc-

ing and library preparation) using the same quality cutoffs that we used for the participant DNA

amplicons. The coverages, counts of reference/variant alleles, sequencing batch/run number, pre-

dicted amino acid changes, codon context and statistics of all discovered variants are listed in S4
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Table. The median coverage at the sites of the discovered variants was 47,288x and the median

number of reads of the discovered somatic variants in the sequencing runs (alt allele) was 28.

Using both criteria the mutation type was extremely non-random as 63 of the mutations

were non-synonymous, while only one was synonymous. Using both criteria, there was a sig-

nificant difference in the mean age of participants with vs. without a STAT3 mutation

(Table 2), in line with what has been shown between somatic mutation load and age in general

[47]. These results suggest that the mutations are very likely true rather than sequencing noise.

Overall a total of 64 somatic variants were detected and these were present in 50 (26%) of

the 193 participants. There was no statistical difference between the female and male partici-

pant groups’ mutation carrier status (p = 0.36, Fisher’s exact test).

We analyzed correlation between the allele fractions of the discovered variants and age. A

non-significant trend (r = 0.19; p = 0.088) towards higher allele fraction with increasing age

was observed (S3 Fig). There was no significant difference in the number of mutations between

different subsets of participants in the control group after controlling for age (linear regression,

volunteer subset p = 0.96, blood donor subset p = 0.55).

No germline variants/polymorphisms were detected within STAT3 exons 20 and 21 in any

of the participants.

STAT3 somatic mutations in MS patients and controls

All mutations found in the 94 MS patients and 99 controls are shown in Table 3. The detailed

breakdown of mutations based on their detection using either double- or single-positive criteria

is shown in S5 Table. The number of different mutations was 23 in MS patients and 12 in con-

trols. The mutation load was non-significantly higher in MS group than in controls (38 vs. 26,

Mann-Whitney U test p = 0.35). The median allele fraction was 0.066% (range 0.007–1.2%) in

patients and 0.056% (range 0.014–1.2%) in controls (p = 0.82 for difference, student’s t-test).

There were 26 MS patients and 24 controls with mutations (Table 4), and no statistically

significant difference in the STAT3 mutation prevalence was observed between the cohorts

(p = 0.62, Fisher’s exact test). There were 9 subjects with two or more mutations in the MS

group vs. 2 in the controls (p = 0.03, pcorr = 0.12, Fisher’s exact test).

Table 2. Overall mutation characteristics using double-positive and single-positive criteria (all participants

included).

Double-positive Single-positive Total

Number of subjects 22 28 50

Number of variants 26 38 64

Median allele fraction 0.13% 0.037% 0.065%

Allele fraction range 0.034%-1.2% 0.007%-0.90% 0.007–1.2%

Non-synonymous, 26 (100%) 37 (97%) 63 (98%)

Synonymous 0 1 1

Found in COSMIC/OMIM� 96% 63% 77%

Carrier vs. non-carrier age�� 48.5 vs. 38.7 yrs 45.4 vs. 37.3 yrs 47.1 vs. 37.3 yrs

p-value for age effect 0.0031 0.0032 2.36 x 10E-5

�Somatic mutation described in cancer or germline mutation implicated in autoimmunity. COSMIC, Catalogue Of

Somatic Mutations In Cancer; OMIM, Online Mendelian Inheritance in Man.

��Median age, carrier vs. non-carrier refers to participants with or without a detected mutation. Twelve individuals

(MS patients) had only one sequencing library available and couldn’t have reached double-positivity, 2 of them had a

single-positive finding.

https://doi.org/10.1371/journal.pone.0278245.t002
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Table 3. Discovered STAT3 somatic mutations in 94 multiple sclerosis (MS) patients and 99 controls (Ctrl).

Mutation Exon COSMIC/OMIM CADD score MS (n) Ctrl (n)

S590R 20 - 26,1 1 0

K591X 20 - 33 1 0

E592� 20 - 44 1 1

K601T 20 - 24,8 1 0

T605X 20 - 31 2 0

F606X 20 - 33 1 0

S614R 20 COSV52888203 29,4 9 5

E616� 20 - 43 0 1

E616del 20 COSV52882850 22,9 1 0

G617G 20 - 12 1 0

G618R 20 COSV52882950 32 1 4

P639Q 21 - 26,4 1 0

Y640F 21 COSV52882807 23,8 3 1

Q644H 21 - 23,7 1 0

N646K 21 OMIM #615952 23,3 1 0

N647I 21 COSV52882818 23,7 0 1

Y657dup 21 COSV52891910 21,9 1 1

K658N 21 COSV52886038 OMIM #615952 26,4 1 2

K658M 21 COSM1166797 28,8 0 1

K658R 21 COSV52886492 25 1 1

I659L 21 COSV52891525 24,4 2 0

D661Y 21 COSV52882933 25,3 4 5

D661V 21 COSV52886283 24,4 1 3

L666V 21 - 25,3 1 0

V671L 21 - 24 1 0

E690� 21 - 38 1 0

Total 38 26

�denotes stop mutation; COSMIC, Catalogue Of Somatic Mutations In Cancer; OMIM, Online Mendelian Inheritance in Man; CADD, Combined Annotation

Dependent Depletion. Based on CADD’s recommendation a CADD score >20 can be considered predictably deleterious (https://cadd.gs.washington.edu/info). Based

on Ensembl’s recommendation CADD scores >30 are likely deleterious. Variants with scores >30 are predicted to be the 0.1% most deleterious possible substitutions in

the human genome (https://www.ensembl.org/info/genome/variation/prediction/protein_function.html).

https://doi.org/10.1371/journal.pone.0278245.t003

Table 4. Number of STAT3 mutation carriers in MS patients and controls.

MS (n = 94) Ctrl (n = 99) p-value�

Any mutation 26 (28%) 24(24%) 0.62

Median age 49 yrs 47 yrs

Any mutations�2 9 (9.6%) 2 (2.0%) 0.03 (pcorr = 0.12)

Median age 50 yrs 58 yrs

Mutation in COSMIC/OMIM 19 (20%) 22 (22%) 0.86

Median age 51 yrs 51 yrs

Other mutations�� 9 (9.6%) 3 (3.0%) 0.08 (pcorr = 0.24)

Median age 48 yrs 39 yrs

� Fisher’s exact test, corrected, when necessary by the number of comparisons (4);

��Mutation not found in COSMIC/OMIM. COSMIC, Catalogue Of Somatic Mutations In Cancer; OMIM, Online

Mendelian Inheritance in Man.

https://doi.org/10.1371/journal.pone.0278245.t004

PLOS ONE High prevalence of low-allele-fraction somatic mutations in STAT3

PLOS ONE | https://doi.org/10.1371/journal.pone.0278245 November 28, 2022 10 / 20

https://cadd.gs.washington.edu/info
https://www.ensembl.org/info/genome/variation/prediction/protein_function.html
https://doi.org/10.1371/journal.pone.0278245.t003
https://doi.org/10.1371/journal.pone.0278245.t004
https://doi.org/10.1371/journal.pone.0278245


Mutations in CD8+ cell subtypes

We had DNA samples at different time points and from CD8+ subfractions from four of the

participants (3 MS cases and 1 control), who had somatic mutations in the STAT3 SH2 domain

in our previous studies [17, 18]. These mutations were initially discovered at allele

fraction� 0.4%. Here we analyzed STAT3 mutations in the following CD8+ cell subtypes: cen-

tral memory (CM, CD27+), effector memory (EM, CD27-, CD45RA+) and terminally-differ-

entiated effector memory (TEMRA, CD27-, CD45RA-). We wanted to address the questions

whether the mutations are enriched in a specific subfraction of CD8+ cells and are the clones

persistently detected.

The results are summarized in Fig 2. Based on this small dataset, it can be seen that the CD8

subfractions with mutations were variable. MS-21 had two detectable mutations, one (S614R)

was found in all subfractions, while the other (D661Y) was found in all, except TEMRA. These

mutations are likely present in different clones, because their allele fractions and distribution

in subfractions were different. MS4 had initially only one mutation detectable by the gene

panel sequencing (D661Y); by amplicon sequencing we discovered two additional mutations

(E592� and S590R) with very small allelic fractions. D661Y was present in TEMRA and was

not found in CM (EM was not tested). The two additional mutations were clearly independent

from D661Y. MS8 had one mutation (S614R), which was not detectable in CM or TEMRA

(EM was not tested). C3 had initially one mutation (A596V), which was not detectable after 18

months. However, another mutation was discovered (G618R), which was present in CM and

EM compartments but not in TEMRA. A third mutation was discovered selectively in

TEMRA (G614R). Overall CM fraction had either no detectable mutations or smallest allele

fractions. Two of the mutations were not found in TEMRA, while one of the mutations was

found only in TEMRA (in C3).

All mutations found in the first sample were discovered also in follow-up in MS patients.

The A596V mutation found in the first sample in control C3 was not detectable in follow-up;

however, two additional mutations had emerged.

It is of note that none of the mutations were detectable in whole blood DNA. This is consis-

tent with the view that the mutations belong exclusively to CD8+ clones, and the mutant clones

represent such a small fraction of whole blood cells that they fall under the detection limit.

Comparison of STAT3 mutation carriers and non-carriers among MS

patients

Mutation carriers were found in 25% of the relapsing MS (RMS) patients, 50% of secondary

progressive MS (SPMS) patients and 25% of primary progressive MS (PPMS) patients. All

patients were pooled for this analysis [SPMS (n = 10) and PPMS (n = 4) groups were too small

for statistical comparisons].

We compared characteristics of MS patients with or without mutations in univariate and

multivariate analyses (Table 5). In univariate analysis, age (p = 0.0001), disease duration

(p = 0.01), use of medication (0.01), total leukocytes (p = 0.009) and neutrophils (p = 0.006)

associated with mutation carrier status.

Multivariate analysis using logistic regression indicated that many of the differences in uni-

variate analysis between mutation carriers vs. non-carriers were secondary to age (multivariate

p = 0.019). However, lower neutrophil count was still associated (p = 0.019) with mutation car-

rier status (Table 5). Neutropenia has been previously reported in carriers of STAT3 gain-of-

function mutations [25]. Current smoking was associated with mutation carrier status only in

the multivariate analysis (p = 0.031). In this analysis smoking was dichotomized to current

smokers and never-smokers. The details of the logistic regression analysis are shown in S6
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Table. Contrary to the observation in aplastic anemia [27], we did not find any association of

STAT3 somatic mutation carriership with HLA-DR15.

Discussion

In this work, we detected somatic STAT3 SH2 domain mutations in peripheral blood CD8+ T

cells in 26% of the study participants. This mutation positivity rate may appear high, because

our participants did not have any obvious disorder associated with somatic STAT3 mutations.

A clear difference between the mutations discovered in this study and those reported in

Fig 2. Follow-up analysis of somatic mutations in the STAT3 SH2 domain in total CD8+ cells and CD8+ subtypes.

CD8 = total CD8+ cells, CM = central memory (CD27+), EM = effector memory (CD27-, CD45RA+),

TEMRA = terminally-differentiated effector memory (CD27-, CD45RA-), mo = months.

https://doi.org/10.1371/journal.pone.0278245.g002
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previous studies is that the mutations in our study were detected at much smaller allele frac-

tions (range 0.007–1.2%). In previous studies, STAT3 somatic mutation allele fractions in

T-LGL leukemia have been typically >15% [28], in Felty syndrome 1–9% [25], in myelodys-

plastic syndrome 0.6–13%, and in aplastic anemia on average 4.5% [27]. Only in T-LGL leuke-

mia and Felty syndrome the reported mutation prevalences been higher than the 26%

observed in our study [28]. Most of the somatic mutations detected in our cohort (77%) were

known variants implicated in hematological cancers or lymphoproliferative disease. Therefore,

it is important to consider the robustness of our detection process and discuss first whether

the findings are indeed real.

Detecting low allele fraction somatic mutations in typical next-generation sequencing data

using currently available variant calling methods is known to be challenging. Starting from an

allele fraction below 10% problems in performance begin to appear, and when approaching

1%, most of the true positive variants may be missed by the widely used “gold-standard” vari-

ant callers when specificity is kept at an acceptable level [37, 45]. Causes of challenges for low

Table 5. Phenotypic comparison of STAT3 mutation carriers vs. non-carriers among MS patients.

Any mutation (n = 26) No mutation (n = 68) Univariate p-value Multivariate p-value missing data (n)

Females (n) 18 (69%) 50 (74%) 0.80 0.165 -

Age at exam (median) 49 yrs 36 yrs 0.0001 0.019 -

Duration from Dg (months, mean, range) 91 (0–450) 34 (0–288) 0.011 0.75 -

EDSS (mean) 2.5 2.2 0.45 - -

Use of DMT (n) 10 (38%) 9 (13%) 0.010 0.56 -

BMI (mean, range) 25.8 (20–38) 25.7 (17–37) 0.89 0.80 14

Current smoker (n) 7/23 (30%) 12/65 (18%) 0.25 0.031� 6

Never-smoker 12/23 (52%) 37/65 (57%) 0.80 - 6

MRI (Barkhof at Dg) (mean) 3.6 3.4 0.43 - -

HLA-DR15 + 12/25 (48%) 33/65 (51%) 1.0 - 4

CSF parameters

OCB positive (n) 26 (100%) 67 (99%) 1.00 - -

IgG index (mean) 0.98 1.08 0.47 - 12

Leukocytes (mean) 13 9.54 0.37 - 7

Protein (mean) 413 360 0.11 - 7

Blood parameters (mean)

Hemoglobin 138 140 0.65 - 2

Erythrocytes 4.61 4.62 0.92 - 2

Trombocytes 253 283 0.055 - 2

Total leukocytes 6.2 7.4 0.009 - 2

Neutrophiles 3.07 4.09 0.006 0.019 7

Lymphocytes 2.15 2.19 0.82 - 7

Monocytes 0.58 0.61 0.45 - 7

ALAT 24 27 0.49 - 3

ESR 7 6 0.67 - 24

CRP (abnormal, n) 5 (19%) 16 (24%) 1.0 - 4

Fisher’s exact test was used to calculate p-values for categorial variables, students t-test was used for quantitative variables. Dg = diagnosis, EDSS = expanded disability

status scale, DMT = disease modifying treatment (any pharmaceutical therapy used to treat MS), BMI = body mass index, ALAT = alanine aminotransferase,

ESR = erythrocyte sedimentation rate, CRP = C-reactive protein. Multivariate analysis was performed by logistic regression; regression analysis included the following

variables; sex, age, duration, use of DMT, BMI, current smoking and neutrophils. BMI and smoking were included, because of their possible effect on neutrophil counts.

�In multivariate analysis smoking was dichotomized to current smokers and never-smokers.

https://doi.org/10.1371/journal.pone.0278245.t005
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allelic fraction variant calling include errors in sequencing, and most of all artefacts that arise

during library preparation steps, such as PCR [46, 48]. Distinguishing these low frequency

artefacts from true low frequency biological events is a major challenge. Solutions to reliably

reach lower allelic fractions include different specialized molecular barcoding techniques [8,

49] and single cell sequencing [50]. However, these options may be prohibitive in cost and

many of them require difficult laboratory protocols. Our samples were sequenced using stan-

dard low-cost methods but to very high depths (�25000x), and thus necessitated a special

method for data analysis, which we developed. The key difference of our method in compari-

son to existing ones is that it analyses a single library preparation and sequencing batch of sam-

ples at a time and can thus attempt to eliminate systematic low frequency library preparation

and sequencing artefacts specific to that batch, as they tend to repeat between samples.

We are confident that the somatic mutations detected by our method are real ones and not

due to errors in detection. Multiple arguments support this conclusion as the somatic muta-

tions that we detected showed a distribution consistent with real biological events instead of

technical noise in several ways. First, the mutations were overwhelmingly non-synonymous

(98%) and the majority (77%) were previously observed variants in COSMIC/OMIM, with

only one mutation being synonymous. This suggests a functional role and a possible growth

advantage conferred by the mutations, whereas random technical noise would be more evenly

distributed between synonymous and non-synonymous variant types. Second, the mutation

carriership associated strongly with age, a phenomenon one would not expect, if the variants

were noise. Third, we detected no somatic mutations in the libraries derived from technical

control DNA (n = 28). Instead, the mutations were only present in the separated CD8+ cell

samples. Possible sequencing noise (or contamination) would be expected to be present in the

technical control libraries as well, because these were processed along the participant libraries.

Fourth, in the cases where we were able to sequence two technical replicate libraries to a high

sequencing depth, the detected somatic mutations were typically present in both replicates

(double-positive). When variant call was present in one library only (single-positive) the muta-

tion type was also non-random (97% non-synonymous) and mutation carriership associated

with age. Fifth, neutrophils were slightly, but significantly, lower in the mutation carriers con-

sistent with a real biological effect and in line with reports in T-LGL leukemia and Felty syn-

drome [24, 25].

Because our cohort included both MS patients and controls and the somatic mutations

were present in similar frequencies in patients and controls, we conclude that CD8+ cell

STAT3 somatic mutations with low allele fraction are common in the CD8+ cells in the general

population. The true rate can even be higher than our 26%, a more fine-grained cell separation

or a more advanced sequencing method could detect further mutations at smaller allele frac-

tions (as shown in Fig 2 in donor C3, who had two new mutations, one of which was detectable

only in CD8+ TEMRA fraction). We cannot present an exact detection limit for our method

because it varies by the noise level posed by different sites and substitution types in each

sequencing run, but the lowest allele fraction reported in this study for a single nucleotide vari-

ant was 0.007%.

What is the biological or clinical significance of the mutations? Somatic mutations in the

SH2 domain of STAT3, such as S614R, D661V and D661Y, are known to be activating and

prevalent in patients with solid and hematological malignancy. These mutations were detected

in multiple participants in this study, both in MS patients and controls. Our participants, how-

ever, did not have cancer or a hematological malignancy. It also seems unlikely that a large

part of our mutation positive participants would develop such a malignancy later, given the

low incidence of STAT3 mutation related conditions in comparison to the high positivity rate

of mutations in this study. This suggest that the presence of STAT3 mutation as such does not
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necessarily lead to large T cell expansion, but for example a second hit or antigen stimulus is

required. Human T-cell leukemia virus type-2 (HTLV-2) infects predominantly CD8+ cells

and may play a role in the development of T-LGL leukemia in some cases [51]. Recently it was

found that 4 out of 30 (13%) asymptomatic HTLV-2 infected subjects had STAT3 SH2 domain

mutation with allele fraction 0.5–12% [52]. Possibly with more sensitive method and lower

allele fraction cutoff, more mutations could have been detected in HTLV-2 infected subjects.

In comparison, in our data only 6 participants (3%) had variant allele fraction�0.5%. It is pos-

sible that chronic viral infections or other antigen stimuli exert selection pressure on the

mutant clones, in addition to the mutation itself, resulting in their expansion and detection.

How do these findings relate to clonal hematopoiesis (CH)? CH is an age-related phenome-

non in which mature blood cells are derived from single or a few dominant hematopoietic

stem cell lineages, which typically have somatic mutations that confer selection advantage [53].

CH can be divided into lymphoid and myeloid arms with different driver mutations; STAT3 is

not among the typical drivers in lymphoid CH [54]. In CH the mutant clones usually reach

variant allele fraction >2% in whole blood and can be found in more than 10% of>70-year

old individuals. By using more sensitive methods it has been found that 19/20 (95%) of healthy

donors aged 50–75 yrs had mutations in the typical myeloid driver genes at a median variant

allele fraction of 0.24% in the buffy coat DNA [55]. CH is associated with increased risk of

hematological cancer, cardiovascular disease and infections [53]. The mutations we found

probably do not represent CH. It seems likely that the majority of the STAT3 mutations do not

evolve from the hematopoietic stem cell level but later in T cell development. The low variant

allele fractions in general, lack of mutation detection in whole blood and the different distribu-

tions of the mutations in the CD8 subtypes among the donors with higher variant allele frac-

tions (Fig 2) favor this interpretation. More data is nevertheless needed to prove this, using for

example paired bone marrow and blood samples.

As to the biological effect of the mutations, we detected a modest but statistically significant

decrease in neutrophils in the MS patients with mutations vs. non-carriers, consistent with

reports of neutropenia in STAT3 mutation related T-LGL leukemia and Felty syndrome [24,

25]. Although the STAT3 somatic mutation carrier frequency was similar between MS patients

and unaffected controls, we found a modest (p = 0.03, pcorr = 0.12) increase in the number of

participants with multiple mutations. This finding should be regarded as nonsignificant,

because interindividual differences in the sequencing depth affect the chances of finding multi-

ple mutations. As somatic STAT3 mutation prevalences were not significally different between

MS cases and controls, it is clear that just the presence of a detectable mutation in an arbitrary

CD8+ T cell clone is not a risk factor for MS. A limitation of this study is that we did not assess

more precisely the phenotypes of the sequenced CD8+ cells. It is also of note that MS typically

starts in early adulthood, but more somatic STAT3 mutations were detectable in older partici-

pants than younger ones. The increasing prevalence of somatic mutations in aged individuals

is known [47] and this could speculatively be associated with the gradual worsening of MS,

independent of relapses, by age [56], although we emphasize that the findings of this study did

not show a link between MS and STAT3 somatic mutations.

To conclude, our results demonstrate that STAT3 is a hotspot for somatic mutations in

CD8+ cells. The mutations are very commonly detected (in 26% of donors) and suggest a

selection advantage of the mutated clones. Although there were no significant differences in

the mutation carrier frequencies in MS patients vs. controls, the case on the role of somatic

mutations in MS and other common autoimmune diseases is not closed. Our results provide

hypotheses for testing in new settings. The discovered high prevalence of somatic mutations in

STAT3 SH2 domain provides opportunities to analyze these mutations directly in autoim-

mune disease patients’ tissue-infiltrating CD8+ cells. Also, in future studies simultaneous

PLOS ONE High prevalence of low-allele-fraction somatic mutations in STAT3

PLOS ONE | https://doi.org/10.1371/journal.pone.0278245 November 28, 2022 15 / 20

https://doi.org/10.1371/journal.pone.0278245


analysis of antigen specificities (e.g. EBV, other viruses, autoantigens) and somatic mutations

is warranted to address possible differences between MS and controls at a new level. The larger

CD8+ clones are typically targeted against common viruses. EBV-reactive CD8+ T-cells are

suspected players in MS, recently identified in MS plaques by using HLA pentamers [57]. An

activating somatic mutation in a clone reacting against EBV and CNS antigen by molecular

mimicry would be one hypothetical mechanism in MS.
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