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Abstract

Myelin-reactive T cells have been identified in patients with multiple sclerosis (MS) and healthy 

subjects with comparable frequencies, but the functional programs of self-reactive T cells that 

promote disease remain unknown. A total of 13,324 T cell libraries generated from blood of 23 

patients and 22 healthy controls were interrogated for reactivity to myelin antigens. Libraries 

derived from CCR6+ myelin-reactive T cells from patients with MS exhibited significantly 

enhanced production of IFN-γ, IL-17, and GM-CSF compared to healthy controls. Single-cell 

clones isolated by MHC/peptide tetramers from CCR6+ T cell libraries also secreted more pro-

inflammatory cytokines while clones isolated from controls secreted more IL-10. The 

transcriptomes of myelin-specific CCR6+ T cells from patients with MS were distinct from those 

derived from healthy controls, and of note, were enriched in Th17-induced experimental 

autoimmune encephalitis (EAE) gene signatures and gene signatures derived from Th17 cells 

isolated other human autoimmune diseases. These data, although not casual, imply that functional 

differences between antigen specific T cells from MS and healthy controls is fundamental to 

disease development and support the notion that IL-10 production from myelin-reactive T cells 

may act to limit disease progression, or even pathogenesis.
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Introduction

Multiple sclerosis (MS) is thought to be an autoimmune disease where activated, myelin-

reactive T cells migrate into the central nervous system (CNS), mediating inflammation (1–

3). From recent genome-wide association scans, it has become clear that MS shares common 

susceptibility loci with other autoimmune diseases, such as Crohn’s disease, celiac disease 

and primary biliary cirrhosis (4–7). Since the discovery in 1933 that repeated injection of 

rabbit brain tissue into non-human primates yielded a pathologic condition—experimental 

autoimmune encephalitis (EAE) —resembling acute disseminated encephalomyelitis or MS 

(8), it has been hypothesized that autoreactivity to myelin antigens underlies the 

pathogenesis of MS. The identification and characterization of myelin-specific T cells in the 

naïve and memory repertoire is, therefore, of fundamental relevance to understanding the 

immune function of autoreactive T cells in MS pathogenesis (1–3).

We and others have found that patients with MS and healthy subjects have similar numbers 

of circulating myelin-reactive T cells, but to date, because of the low frequency of antigen-

specific T cells, the diversity of TCR repertoire, the high activation threshold, and the 

constrains of antigen-processing and presentation, it has not been possible to discern a 

significant functional difference between the myelin-reactive T cells cloned from patients 

and healthy subjects (9–11). Investigations have shown that the minimal requirement for 

inducing an inflammatory autoimmune demyelinating disease in mammals is the activation 

of Th1/Th17 myelin-reactive T cells that secrete pathogenic interleukin (IL)-17, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and interferon (IFN)-γ, 

whereas IL-17 and IL-10 producing T cells are protective (12–16). CCL20, the ligand for 

CCR6, is constitutively expressed in epithelial cells of choroid plexus in mice and humans, 

representing the first port of entry of inflammatory T cells into the CNS (17). Moreover, 

CCR6− deficient mice developed a normal Th17 response in peripheral lymphoid organs, 

but failed to develop EAE (17–19). Additionally, IL-10 secreting Tr1 cells have been shown 

to function in suppressing inflammatory responses in diabetes, graft vs. host disease (20, 

21), and MS (22). However, defects in peripheral tolerance mechanisms alone do not 

explain the pathology of MS in humans (3), and it has been difficult to ascertain whether 

autoreactive T cells found in healthy subjects are naïve having never been activated.

Here, we sought to establish the molecular profiles of autoreactive T cells in patients with 

autoimmune disease, choosing to investigate patients with MS to identify key functional 

differences between patients and healthy subject CD4+ T cells. Using a novel recently 

developed T cell library approach that allows ex vivo separation of T cell subpopulations 

followed by representative clonal expansion, we show that MS-derived myelin-reactive T 

cells are from the memory CCR6+ population and secrete more proinflammatory cytokines 

as compared to those from healthy controls. Additionally, single-cell clones generated from 

MS patients show enriched production of IL-17, GM-CSF, or IFN-γ, whereas those from 

healthy controls predominantly secrete IL-10. We found striking differences in the 

transcriptional programs of myelin-reactive T cells between MS and healthy controls. 

Transcriptomes of T cells derived from MS patients are enriched in Th17 gene signatures 

from EAE and those derived from healthy controls are enriched in interferon signaling and 

CTLA4 inhibitory signaling. These data highlight key functional differences between 
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myelin-reactive T cells from MS and healthy controls, providing antigen-specific molecular 

signatures that suggest pathological differences between these cells and highlight specific 

therapeutic targets.

Results

Inflammatory myelin-reactive T cells from patients with MS

We overcame technical challenges of interrogating the function of human autoreactive T 

cells by using advances in T cell libraries developed by Sallusto and colleagues (23). Small 

numbers of T cells were isolated and pre-sorted into various subsets from peripheral blood 

ex vivo and then cultured in vitro with phytohemagglutinin (PHA) and IL-2 for two weeks. 

These libraries of polyclonally expanded T cells were then used to compare the frequency, 

antigen reactivity, epitope specificity, and gene expression upon exposure to a variety of 

myelin antigens in each CD4+ T cell compartment (fig. S1). A total of 13,324 T cell libraries 

were generated from 23 patients and 22 controls by sorting populations of naïve, C-C 

chemokine receptor (CCR) 6− memory, or CCR6+ memory T cells prior to performing T 

cell amplification (table S1). CCR6 was chosen as a marker to enrich in Th17 and Tr1 cells 

(24, 25). The ex vivo sorting of these distinct subsets prior to stimulation eliminated 

populations of CD25high regulatory T cells to allow polyclonal expansion (fig. S2).

Each expanded library was subsequently interrogated for antigen reactivity. Since 

progressive disease in the EAE model is marked by increased diversity in autoreactive 

epitopes (26, 27), we chose to use pools of peptides representative of previously identified 

immunodominant epitopes from myelin basic protein (MBP), proteolipid protein (PLP), and 

myelin oligodendrocyte glycoprotein (MOG) (table S2) (9, 28, 29). Candida albicans (C. 

albicans) served as a positive control since it has been used previously to identify 

populations of human Th17 cells secreting IL-17 and IFN-γ (30). The proliferation of 

antigen-specific T cells to myelin peptides was measured by 3H-thymidine incorporation. 

We also measured the production of four cytokines (IFN-γ, IL-17, GM-CSF, and IL-10) by 

enzyme-linked immunosorbent assay (ELISA) that have distinguished pathogenic and 

protective Th17 cells in EAE (13–16). Representative data from one MS and healthy control 

pair is presented in Figure 1. Libraries generated from naïve and CCR6− memory 

populations generally exhibited minimal functional responses to all antigens except to C. 

albicans (Fig. 1). In contrast, subsets of CCR6+ libraries from patients with MS 

demonstrated an increase in rates of proliferation and production of GM-CSF to myelin-

derived peptides relative to those from healthy subjects. Libraries derived from these cells 

also produced more pro-inflammatory cytokines IFN-γ, IL-17, and GM-CSF, but similar 

quantities (or less) anti-inflammatory cytokine IL-10, in response to myelin peptides than 

those from healthy subjects. These results imply that a functional difference exists between 

T cells isolated from MS patients and healthy subjects, mainly in the CCR6+ memory 

compartment compared to naive and CCR6− memory subsets.

We then aimed to understand this observed functional distinction further by performing 

principal component analysis (PCA) using data measured from T cell libraries derived from 

thirteen healthy controls and thirteen patients with MS (Fig. 2, fig. S3, fig S4, and table S3). 

In the absence of antigen, there was no segregation of the basal responses exhibited by 
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populations of T cells from healthy subjects or patients with MS (Fig. 2A). As expected, the 

responses to C. albicans were most robust in the libraries from CCR6+ memory T cells, 

segregating from other subsets in a projection of the first two principal components with 

enhanced production of IFN-γ, IL-10, IL-17, or GM-CSF (Fig. 2B). It was of interest that 

there were modest increases in IL-17 secretion with C. albicans stimulation in patients with 

MS as compared to control subjects (p = 0.0136). These data are consistent with previous 

data showing that stimulated T cells from patients with MS also secrete higher amounts of 

IL-17 (31). CCR6− subsets from patients with MS showed a bias towards increased 

proliferation (p = 0.0017) and GM-CSF (p < 0.0001) production (fig. S3). Remarkably, this 

analysis affirmed two functionally-distinct responses in the CCR6+ memory CD4+ T cell 

libraries expanded from MS patients when stimulated with myelin peptides. One response 

was associated with the production of GM-CSF (p = 0.0114), while the other was associated 

with the production of IL-17 (p < 0.0001) or IFN-γ (p < 0.0001), and proliferation (p < 

0.0001) (Fig. 2C). There was also a distinct population of IL-10 producing healthy control 

libraries in response to myelin peptides (p = 0.0005) that appears along the projection of 

IL-10 (Fig. 2C). Additionally, the frequency of myelin-reactive T cells in the CCR6+ MS 

memory population was significantly higher than those from the healthy control (p = 0.0006, 

Fisher’s Exact Test).

Overall, these data indicate that the CCR6+ memory compartment of patients with MS, but 

not healthy subjects, can be stratified into functionally different groups based on cytokine 

production in response to peptide-specific stimulation. With respect to MS, these data 

indicate that there are myelin-reactive T cells within this compartment that produce GM-

CSF, IL-17, or IFN-γ, and a smaller population that may be protective IL-10 producers in 

healthy control patients. While these IL-10-secreting myelin-reactive T cells were more 

frequent in control subjects, these cells in MS may play an active role in disease remission. 

Nevertheless, since magnetic resonance imaging (MRI) investigations have shown the 

concurrent formation of new plaques while others are healing, it precludes a simple temporal 

association of functional CD4+ T cell populations with the state of disease (32).

Inflammatory myelin-specific T cells from patients with MS

The mixed functional responses evident in the CCR6+ T cell libraries could arise from 

oligoclonal populations. We, therefore, assessed the specificity and functional programs of 

individual myelin-reactive T cells isolated from these libraries. It has been shown that both 

human leukocyte antigen (HLA)-DR2 and HLA-DR4 are MS susceptibility molecules (33). 

However, we and others have found that HLA-DR2 tetramers loaded with the dominant 

epitopes of myelin basic protein do not work, so we chose HLA-DR4 tetramers to sort 

antigen-specific cells in this study. Expanded CCR6+ memory T cell libraries from HLA-

DR4+ MS patients and healthy subjects were restimulated with two DR4-restricted myelin 

peptides (MOG97-109 & PLP180-199), and libraries that exhibited the highest scores for 

proliferation were used for single-cell cloning. In order to characterize the functional profile 

of antigen-specific single cells, we generated 144 single-cell clones from two DR4+ MS 

patients and two DR4+ healthy subjects by sorting cells labeled with DRB1*0401/

MOG97-109-tetramers and DRB1*0401/PLP180-199-tetramers (fig. S5). We measured their 

proliferation and production of cytokines by ELISA following stimulation with autologous 
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monocyte and DR4 peptides. The resulting clones showed MOG97-109 or PLP180-199 

specific proliferation in both patients with MS and healthy controls (fig. S6). Hierarchical 

clustering of these data identified five dominant functional profiles (Fig. 3 and fig. S7). 

Approximately half of the tetramer-positive clones did not respond to peptides upon 

restimulation (42 healthy control and 41 MS clones), and could not be classified into 

inflammatory or anti-inflammatory groups, which either showed much lower proliferation or 

lower cytokine production from both MS and healthy controls, consistent with expectations 

for single-cell cloning (11). The responsive myelin-reactive single-cell clones from patients 

with MS showed enriched production of IL-17 and GM-CSF, GM-CSF alone, or 

predominantly IFN-γ. Strikingly, 22 of 23 IL-10 producing clones were isolated from 

healthy subjects, supporting observations that autoreactive T cells in the circulation in 

healthy subjects can be actively suppressed by IL-10 producing T cells (34, 35). The active 

responses elicited in the clones from MS patients were significantly different from those 

from healthy subjects (p < 4×10−5, Fisher’s Exact Test). In agreement with our data derived 

from amplified T cells, these data suggest myelin-reactive T cells from MS patients tend to 

produce pro-inflammatory cytokines (IFN-γ, IL-17, and GM-CSF) compared to clones from 

healthy subjects producing protective IL-10.

Pathogenic gene profiles of myelin-reactive T cells from patients with MS

To refine the molecular signatures associated with myelin-reactive T cells, we compared the 

transcriptomes of these cells from patients with MS and healthy subjects. For RNA 

sequencing, we sorted both tetramer-positive and tetramer-negative CCR6+ CD4+ memory 

T cells for five patients and four healthy subjects from T cell libraries that exhibited the 

highest scores for proliferation (fig. S6 and S8). Biological replicates showed good 

correlation overall and the expression of housekeeping genes and CD4 T cell specific genes 

was similar across all samples (fig. S9). Differential expression analysis revealed 197 

differentially expressed genes that were unique to MS tetramer positive samples (fig. S10A). 

K-means clustering of these genes across all samples revealed that samples segregated based 

on tetramer and disease status (fig. S10B). Gene Ontology (GO) enrichment analysis of each 

cluster was performed, and we found that three out of five clusters were enriched for 

biological functions. Cluster two was significantly enriched in cytokine receptor binding, 

cytokine activity, and lymphocyte proliferation, while cluster four was enriched in cellular 

proliferation, differentiation, and IL-17 production (fig. S10C). The cluster predominantly 

upregulated in both healthy control samples and MS tetramer-negative samples, cluster zero, 

was not enriched in any GO functions, nor was cluster one.

To take a pathway-centered approach to these data, we then performed Gene Set Enrichment 

Analysis (GSEA) (36). The high degree of similarity in the profiles of mapped transcripts in 

MS tetramer-negative and healthy control tetramer-positive samples allowed us to perform 

GSEA using the comparison between MS tetramer-positive and MS tetramer-negative 

samples (fig. S11). GSEA revealed 305 enriched gene sets (FDR < 0.25) in MS tetramer-

positive samples (n = 5) relative to tetramer-negative samples (table S4) and 135 enriched 

gene sets in the healthy control tetramer-positive samples relative to tetramer-negative 

samples (table S5). Of those gene sets enriched in tetramer-positive samples with a FDR < 

0.05, 19 were enriched in both MS and healthy control tetramer-positive samples (Fig. 4A). 
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These include gene sets involved in translation and metabolism, and may represent the non-

specific pathways that are activated upon tetramer staining. There are also 112 pathways that 

were unique to the MS tetramer-positive samples, including one emphasizing cytokine 

signaling, chemokine signaling, the IL-23 pathway and AP1 pathways, and several gene sets 

specific to autoimmune diseases (Fig 4A and fig. S12). In contrast, of 27 gene sets enriched 

in the tetramer-positive samples from healthy controls, the top-scoring sets related to 

immune cell function, antigen presentation, CTLA4 inhibitory signaling, and interferon 

signaling (Fig 4A). Compared to tetramer-positive samples from healthy controls, the cells 

from MS patients were enriched in gene sets related to T cell function and autoimmunity, 

indicating that the transcriptional profiles obtained from these samples could be used to 

identify key molecular signatures of myelin-reactive T cells.

It was of interest to determine whether the gene signature identified in tetramer-positive 

CCR6+ MS T cells was shared with that of pathological T cells that cause EAE. We 

determined the degree of overlap between the transcripts identified in tetramer-positive MS 

CCR6+ T cells and pathogenic Th17 cells induced by TGF-β3 that have been shown to drive 

EAE (16). Since adoptive transfer of potentially encephalitogenic clones into humans can 

never be performed, it is reasonable to speculate that the molecular signatures of pathogenic 

myelin-reactive T cells in one mammal reflects that of another species. By performing 

GSEA with the pathologic gene signature defined by Lee et al., we found that 10 out of 13 

genes associated with pathogenic Th17 cells were present in the leading edge subset of the 

MS tetramer-positive cells (Fig. 4B). Although not present in the leading edge, Cxcl3, a 

highly over-expressed gene of the pathogenic EAE signature, was expressed in two of five 

MS tetramer-positive samples, but not in MS tetramer-negative samples. We then compared 

our data to pathogenic signatures derived from genes differentially expressed in MOG-

induced EAE in rat (37), Th1, Th2 and Th17 signatures derived from mouse (38), Th17 cell 

lineage specifications in mouse (39), and several gene signatures derived from Th17 effector 

memory subsets in humans (40) (Fig. 4C and table S6). There was significant enrichment, 

defined as FDR < 0.05, in several Th17 signatures in mouse, as well as the human-derived 

Th17 effector memory selective signature and a Th2 signature. Interestingly, there was also 

enrichment in the gene signature derived from Th17.1 (CCR7loCCR6+CCR4loCXCR3hi) 

effector memory cells isolated from Crohn’s patient lesions (40). Taken together, these data 

highlight the substantial though not complete overlap between genes expressed by myelin-

reactive MS T cells and Th17 effector memory cells.

In order to define a larger gene signature of myelin-reactive MS tetramer-positive T cells, 

we performed an analysis of genes present in the leading edge subsets of 17 significantly 

enriched gene sets chosen based on function, uniqueness to MS tetramer positive cells, and 

significance (FDR < 0.03) (table S7). We found that out of 224 genes in the leading edge, 

the most commonly shared genes were IL-8, followed by IFNG, IL-2, CCL20 and CCL5 

(fig. S13). IL-10 was also present in the leading edge but it was not produced in the T cell 

library assay, potentially indicating post-translational regulation of IL-10 (41). A clustering 

analysis of this gene signature showed that samples segregated based on disease status 

(healthy versus MS), regardless of tetramer status (fig. S14). Tetramer-positive and negative 

T cells from patients with MS also partitioned into two distinct groups, indicating that the 
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gene signature could be used to differentiate between myelin-reactive and non-reactive MS 

T cells.

Finally, we performed a pathway analysis of the 224-gene signature for the tetramer-positive 

T cells from patients with MS to gain a better understanding of their molecular relationships 

and connectivities. Top-scoring canonical pathways enriched in these samples included 

glucocorticoid receptor signaling, T helper cell differentiation, and type I diabetes mellitus 

signaling (fig. S15A). These findings are consistent with our recent data that glucocorticoid 

receptor signaling and IL-8 signaling were enriched in patients with MS at higher risk for a 

demyelinating event (42). Of 14 networks constructed by IPA, three top-scoring networks 

were merged based on their network score, inclusion of more than ten identified genes, and 

their relevance to immune function (table S8). The aggregated network comprises 118 

highly inter-connected molecules, of which 54 are over-expressed (log2FC > 1.5), and 20 are 

differentially expressed (fig. S15B). When expression data from tetramer-positive healthy 

control samples is overlaid onto this network, we see no significant increased expression of 

these molecules, except for IL-2 and IL-26.

Molecules were grouped by molecular categories to identify functional hubs within the 

network (Fig. 4D). This highlights several highly connected molecules from each category, 

including those that may reflect the functional response of pathogenic, myelin-reactive T 

cells. For example, IFN-γ, GM-CSF, IL-23a, and IL-21 are all highly connected cytokines 

that are important in differentiating pathogenic and non-pathogenic Th17 cells (13–16, 30). 

A group of receptors comprised the largest functional unit of the network. Of note, 

prostaglandin receptor E2 and E4 (PTGER2 and PTGER4), which have identified risk 

alleles, have recently been linked to the production of IFN-γ and GM-CSF in Th17 cells 

from patients with MS (43). Additionally, it has been shown that AP-1, by action of FOSL2, 

plays a key role in Th17 specification (39) and has recently emerged as a key stimulus-

dependent regulatory element in the context of autoimmune T cell activation by analysis of 

single nucleotide polymorphisms on chromatid maps (7). The presence of molecules 

associated with T follicular helper (Tfh) cells (CXCR5, ICOS, and IL-21) may implicate a 

Tfh-like function for myelin-reactive T cells, supporting the hypothesis that Tfh cells may 

drive disease progression (44, 45). IL-17a appeared in the network, but its master 

transcription factor ROR-γt did not. We found that ROR-γt was expressed in three out of 

five MS tetramer positive samples. The discordance could reflect activities of STAT5 and 

IL-2, both present in the network that can transiently down-regulate ROR-γt and IL-17a in 

re-stimulated memory CD4+ T cell (30). Several key transcription factors were also present, 

including BATF, IRF4, FOSL2, FOSL1, STAT1 and TBX21. BATF, IRF, and FOSL2 have 

central roles in Th17 cell differentiation, but their relative contributions to the function of 

fully differentiated Th17 cells is not known (39). Several adhesion and tissue homing 

molecules, including CCL20 (ligand for CCR6), CCL4/L1, CXCL10, CXCR5 and XCL1 

appear in the network. CCL20/4, and CXCL10 also appear in the combinatorial core of 

genes important in Th17 cell specifications, and have been described as important for 

migration from the periphery to the CNS (46), though the role of XCL1 is not clear. Finally, 

we also created a merged network of other top scoring networks (table S8), which highlights 

additional transcriptional hubs, such as HLA molecules (fig. S16). Taken together, this 

analysis provides a comprehensive basis for a functional transcriptional network that 
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distinguishes myelin-reactive MS T cells, highlighting the complex interplay between 

several transcription factors, cytokines/chemokines, and receptors.

Discussion

Autoreactive T cells are readily identified in healthy individuals and patients with 

autoimmune diseases, though their relative functional programs are unknown (9–11). Here, 

we examined self-reactive T cells generating a total of 13,324 T cell libraries from patients 

with MS and controls, interrogating the immune function of myelin reactive CD4 cells. We 

demonstrate functional and transcriptional differences in myelin-reactive CD4+ T cells in 

patients with MS as compared to healthy controls, identifying secretion of IL-17, GM-CSF 

and IFN-γ in MS as compared to IL-10 secretion in healthy controls. Further, these 

autoreactive T cells are CCR6+ memory CD4+ T cells in both patients and controls. Single-

cell clones isolated by MHC/peptide tetramers from CCR6+ T cell libraries also secreted 

more pro-inflammatory cytokines while clones isolated from controls secreted IL-10. The 

transcriptomes of myelin-specific CCR6+ T cells from patients with MS were distinct from 

those derived from healthy controls, and of note, were enriched in Th17-induced EAE gene 

signatures and gene signatures derived from Th17 cells isolated other human autoimmune 

diseases. These data, although not casual, imply that this functional difference between 

antigen specific T cells from MS and healthy controls is fundamental to disease 

development and support the hypothesis that IL-10 production from myelin-reactive T cells 

may act to limit disease progression, or even pathogenesis.

Both Th1 and Th17 cells are implicated in the pathogenesis of EAE (12–16, 47). Recently, it 

was shown that GM-CSF plays a pathogenic role in EAE pathology (14–15). Furthermore, 

GM-CSF-producing T helper cells display a district transcriptional profile and may represent 

a novel subset of T cells (48). GM-CSF was increased in both CCR6− and CCR6+ memory 

myelin-reactive T cells from MS compared with that from healthy controls. In this study, we 

reported CCR6+ memory T cells highlighted the functional and transcriptional phenotypes 

of myelin-reactive T cells from MS. Further markers are needed to elucidate whether 

pathogenic myelin-reactive T cells from MS are located in specific subsets, such as Th1 

(CXCR3+CCR4−CCR6−), Th17 (CXCR3−CCR4+CCR6+) (47). Nevertheless, these data 

indicate that circulating myelin-reactive T cells in healthy individuals without autoimmune 

disorders are not in a naïve state and have undergone previous activation leading to the 

secretion of inhibitory functional programs characterized by the secretion of IL-10.

Previous reports that have studied transcriptional differences in the context of MS have 

highlighted the role of T cells and B cells, and have also identified lymphocyte activation 

pathways that can stratify patients into treatment groups (7, 42). To date, there has been a 

lack of information about the transcriptome of antigen-specific T cells in the context of MS. 

We found that gene expression profiles for presumably pathogenic myelin-specific T cells 

from patients with MS shared significant numbers of upregulated genes with 

encephalitogenic CD4+ T cells isolated from animals with EAE, signatures from memory 

Th17 cells isolated from Crohn’s patients, and many other Th17-related gene signatures. 

These data highlight the important role that Th17 cells may play in MS pathophysiology, 

and analysis of these cells in patients with active forms of disease would determine if and 
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how these populations shift during relapse. Additionally, these gene signatures were distinct 

from CD4+ tetramer-negative cells isolated from the same oligoclonal library or from 

activated myelin-reactive T cells isolated from control subjects. This could indicate that 

even though myelin-reactive T cells were found in these healthy subjects, they were 

functionally different, possibly due to the role of CTLA4.

Using this unique gene signature to perform a network analysis, we identified key molecules 

that may distinguish the functionality of myelin-reactive T cells that is unique to MS, 

including transcription factors (BATF, IRF4, FOSL2), cytokines (IFN-γ, GM-CSF, and 

IL-23), and receptors (PTGER2, PTGER4, and ICOS). The presence of Th17, Th1, and Tfh-

associated molecules underscores the complexity and heterogeneity of the transcriptional 

regime of myelin-reactive T cells. The use of single-cell techniques, such as single-cell 

sequencing, may allow for finer phenotypic profiling of these cells leading to a better 

understanding of the relative contributions of these molecules to cell behavior. It will also be 

of interest to use this powerful new tool to examine the autoreactive T cells in the circulation 

of patients with non-autoimmune CNS tissue disease to better understand the molecular 

profile of CD4+ T cells involved with repairing damaged CNS tissue.

It has long been debated whether EAE is a model for MS. Clearly the afferent aspect of 

sensitization to self-antigens in MS is not well modeled by EAE, as the latter requires 

disruption of tolerance with adjuvant and lacks the genetic variation reflecting the human 

disease, but the efferent aspects of EAE have been useful in modeling MS (49). Specifically, 

anti-VLA-4 monoclonal antibodies that hinder T cell trafficking to the CNS in EAE were 

highly predictive of the clinical efficacy in patients (50). It has not been known, however, 

whether the functional cytokine profiles in encephalitogenic CD4+ T cells isolated from the 

periphery at all reflect the myelin-reactive CD4+ T cells in patients with MS. Here, using an 

unbiased library approach followed by RNA sequencing, we observe a distinct homology of 

cytokines secreted and mRNA expressed between patients with MS and encephalitogenic 

CD4+ T cells. These data suggest that activated, myelin reactive T cells observed in the EAE 

may model pathogenic, myelin reactive CD4 cells in patients with MS.

Materials and Methods

Study subjects

Peripheral blood was drawn from healthy individuals and patients with MS after informed 

consent and approval by the Institutional Review Board at Yale University School of 

Medicine. All patients had relapsing-remitting MS (RRMS) and were of age of 42 ± 12 

years. All patients were immunotherapeutic naïve (untreated) or had not received treatment 

for at least 12 months. Healthy donors were age- and sex- matched with the MS patients, 

with no history of autoimmune disease, or malignancies and no acute or chronic infections.

Antibodies and reagents

The following monoclonal antibodies were purchased from BD Biosciences (San Jose, CA): 

anti-CD45RA (Hl100), anit-CD45RO (UCHL1), anti-CD25 (M-A251) and anti-CD196 

(CCR6, G034E3), anti-CD3 (UCHT1) and anti-CD28 (28.2). Completed medium used in the 
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experiments was RPMI 1640 medium (Life Technologies, Carlsbad, CA) supplemented with 

2 mM L-glutamine, 5 mM HEPES, 0.1 mM non-essential amino acids, 1 mM sodium 

pyruvate, 50 U/ml penicillin, 50 U/ml streptomycin (Lonza, Walkersville, MD) and 5% 

human serum (Immune Tolerance Network, San Francisco, CA). Recombinant human IL-2 

was obtained through the AIDS Research and Reference Reagent Program (Division of 

AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health). 

Myelin peptides and control peptides (table S1) were synthesized by AnaSpec (Fremont, 

CA).

Cell purification and sorting

Peripheral blood mononuclear cells (PBMCs) were isolated by standard Ficoll-Paque PLUS 

(GE Healthcare, Piscataway, NJ) gradient centrifugation. and were used either fresh or after 

Monocytes were pre-selected by human CD14+ positive isolation kit (StemCell 

Technologies, Vancouver, BC) and cryopreservated in 90% human AB serum plus 10% 

DMSO and storage in liquid nitrogen for further use. CD4+ T cells were subsequently 

isolated by using the human CD4+ T cell enrichment kit (StemCell Technologies). 

Monocytes served as antigen presenting cells for T cell libraries assay. Untouched CD4+ T 

cells were used for T cell subpopulation isolation. Naïve (CD45RA+CD45RO−CD25−), 

CCR6− memory (CD45RA− CD45RO+CD25−CCR6−), and CCR6+ memory 

(CD45RA−CD45RO+CD25−CCR6+) CD4+ T cells were sorted with the depletion of 

CD25high regulatory T cells on a fluorescence-activated cell sorting (FACS) Aria (BD 

Biosciences) to a purity > 98% as verified by post-sort analysis.

Amplified T cell libraries assay

Amplified T cell libraries assay were carried out as previous described (23). Naïve, CCR6− 

and CCR6+ memory CD4+ T from paired MS patients and healthy controls were pre-sorted 

and cultured in 96-well round-bottom plates (Costar, Cambridge, MA) at 2 × 103 cells per 

well in complete RPMI 1640 medium, and stimulated with 1 μg/ml PHA (Roche, Nutley, 

NJ) and 20 U/ml IL-2 in the presence of irradiated (45Gy) allogeneic feeder cells (2×104/

well). IL-2 was added on day 4, 7 and 10. Cultures were washed and split into two 96-well 

plates after 2-weeks of stimulation and expansion. Library screening was performed by 

culturing ~ 106 T cells/well with autologous monocytes (~105), which were either unpulsed 

or pulsed for 3 h with 10 μg/ml myelin peptide pools (MBP85-99, MOG222-241, PLP30-49, 

PLP129-148, MOG97-109, PLP180-199), or C. albicans (GREER, Lenoir, NC). [3H] (Perkin 

Elmer, Waltham, MA) was added into the cultures 16 h before harvest. On day 5, cell 

proliferation was measured by 3H-thymidine incorporation on a scintillation beta-counter 

(Perkin Elmer). Culture supernatants were taken on day 7 for cytokine profiling as described 

below.

Enzyme-linked immunosorbent assay (ELISA)

Culture supernatants from amplified T cell libraries assay were assayed for the presence of 

cytokines by ELISA. ELISA measurement of cytokines was performed with purified coating 

and biotinylated detection antibodies, as follows: IFN-γ, clone 2G1 and human IFN-γ mAb 

biotin-labeled (Thermo Scientific, Walthman, MA); IL-10, clone JES3-19F1 and biotin anti-
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human and viral IL-10 (BD Biosciences). Production of IL-17 and GM-CSF were measured 

with a DuoSet ELISA Development kit (R&D Systems, Minneapolis, MN). The absorbance 

was measured and analyzed on a microplate read (Bio-Rad, Hercules, CA).

Single cell cloning and specificity testing

CCR6+ memory CD4+ T cells from HLA-DR4+ healthy controls and HLA-DR4+ MS 

patients were expanded under T cell library assay, and stimulated by irradiated autologous 

monocytes and DR4 myelin peptides (MOG97-109 and PLP180-199). Cell proliferation was 

measured by 3H-thymidine incorporation and two of the highest proliferated wells were 

picked for DR4 tetramers staining (MOG97-109-tetramers and PLP180-199-tetramers). 

Tetramer positive cells were sorted as single cell into 96-well plates using a FACSAria cell 

sorter (BD Biosciences). Clones thus obtained were expanded for 28 day by stimulation with 

irradiated allogeneic PMBCs in the presence of soluble anti-CD3 (1 μg/ml), anti-CD28 (1 

μg/ml) and IL-2 (10 U/ml). Antigen-stimulated proliferation of each clone was tested by 

restimulating with autologous monocytes either unpulsed or pulsed with MOG97-109 or 

PLP180-199. The single cell clones were further stimulated by autologous monocytes and 

DR4 myelin peptides (MOG97-109 and PLP180-199) to testify the specificity and functionality 

by 3H-thymidine incorporation (for proliferation) and ELISA (for cytokine production).

Tetramer preparation and tetramer staining

DRB1*0401 and DRB1*1501 soluble class II molecules were generated as previously 

described (11). MOG97-109 and PLP180-199 were used to load the DRB1*0401 molecule to 

generate the DRB1*0401/MOG97-109 tetramers and DRB1*0401/PLP180-199 tetramers. 

Phycoerythrin (PE, BioSource International, Camarillo, CA) conjugated streptavidin was 

used for cross-linking of peptide-MHC II monomers.

CCR6+ memory CD4+ T cells from HLA-DR4+ healthy controls and HLA-DR4+ MS 

patients were expanded under T cell library assay. After re-stimulated by DR4 myelin 

peptides for 5 days, the cells were washed with PBS, and then stained with 10 μg/ml DR4 

tetramers (MOG97-109 tetramers and PLP180-199 tetramers), anti-CD4, and live/dead dye 

(Life technologies) at 37 °C for 30 minutes in RPMI 1640 medium with 2% human AB 

serum. The subsequent washing and cell sorting were then performed at 4°C. Live 

CD4+tetramer+ and/or CD4+tetrmaer− T cells were sorted for single cell cloning and RNA 

sequencing.

RNA sequencing

CCR6+ memory CD4+ T cells from HLA-DR4+ healthy controls and HLA-DR4+ MS 

patients were amplified by PHA and IL-2 and stimulated by irradiated autologous 

monocytes and DR4 myelin peptides (MOG97-109 and PLP180-199). Cell proliferation was 

measured and two of the highest proliferated wells were picked for DR4 tetramers staining 

(MOG97-109-tetramers and PLP180-199-tetramers). Myelin tetramer+ and tetramer− cells were 

sorted into RNA lysis buffer for RNA sequencing. RNA was extracted using the NucleoSpin 

RNA XS Kit (Macherey-Nagel, Bethlehem, PA) according to the manufacturers 

instructions. cDNA synthesis and amplification were performed using SMARTer Ultra Low 

Input RNA for Illumina Sequencing High Volume Kit (Clontech, Mountain View, CA) 
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according to the manufacturers instructions. The average number of cells used to isolate 

RNA was 3,000, which yielded >1ng input RNA. Paired-end sequencing libraries were 

prepared using the Nextera XT DNA sample Prep Kit (Illumina, San Diego, CA) according 

to the manufacturers instructions. Libraries were pooled in an equimolar ratio and sequenced 

on a HiSeq 2500 sequencer with 200 cycles per lane (Illumina, San Diego, CA).

All samples were processed through Tophat (v1.4.1). Sequence reads were mapped to the 

human genome (hg19), with an average of 12 million paired end reads aligned per library 

and >90% of the mapped read were in genic regions. Alignments were then sorted and 

merged before processing with Cufflinks (v 2.1.1). Samples for which the 5′ to 3′ read 

density >0.8 were kept for down stream analysis. The log2FPKM values for mapped 

transcripts in each sample were used to create the input .gct file for Gene Set Enrichment 

Analysis (GSEA) (v2.0) as previously described (36). GSEA (classic scoring scheme, 10 set 

minimum, 1000 permutations) was performed using pre-ranked data sets based on fold 

change comparisons, as suggested by the GSEA user guide. Leading edge analysis of 

selected gene sets was performed using custom MATLAB (vR2014a) scripts for 

enumerating unique genes. Data were further analyzed using IPA core analysis (Ingenuity® 

Systems, www.ingenuity.com), FuncAssociate (v2.0) (Berriz, 2009) for GO enrichment, and 

GeneE data visualization tool (http://www.broadinstitute.org/cancer/software/GENE-E/

index.html).

Statistical Analysis and Additional Data Analysis Notes

Fisher’s Exact Test (two-tailed) was performed using R statistical software (v2.11.1) and 

Prism (v6). Principal components analysis was performed on z-score normalized data using 

the pca() function. Over 50% of the variance occurs in the first two principal components for 

each cell subset (table S2), thus, the data was visualized along these two components using 

the biplot() function in MATLAB (vR2014.a) and custom scripts to differentially color MS 

and HC derived libraries. Hierarchical clustering of z-score normalized data was performed 

with custom scripts in MATLAB, using the pdist(), linkage() and cluster() functions with the 

following respective metrics: correlative clustering method, average linkage method and the 

maximum allowable clusters. One-way ANOVA statistical tests on z-score normalized 

cytokine and proliferation data was performed in Prism (v6) with Dunn’s multiple 

comparisons test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Phenotypic analysis of oligoclonal libraries of myelin-reactive CD4+ T cells from a patient 
with MS and a healthy control subject
Heatmap comparing functional responses of (A) Naïve, (B), CCR6− memory, and (C) 

CCR6+ memory CD4+ T cells cultured with irradiated autologous monocytes with or 

without myelin peptides (MBP85-99, MOG222-241, PLP30-49 and PLP129), or (MOG97-109 

and PLP180-199) or C. albicans. Proliferation was measured by 3H-thymidine incorporation 

on day 5, and culture supernatants were measured on day 7 by ELISA for IFN-γ, IL-17, 

GM-CSF and IL-10. Data show one representative experiment (out of 13) and were z-score 

normalized for each parameter. Each bar per column represents one oligoclonal library.
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Fig. 2. Principal component analysis of functional phenotypes of myelin-reactive CCR6+ 

memory CD4+ T cells
Scatterplots show measured penta-dimensional responses (proliferation, IFN-γ, IL-17, GM-

CSF and IL-10) for individual amplified T cell libraries (each dot) projected onto the first 

two principal components. Analysis is shown for (A) no peptide, (B) C. albicans, and (C) 

myelin peptides from thirteen healthy subjects and thirteen MS patients. Projections of the 

vectors for each data class are also shown and annotated for reference. Statistically 

significant p-values of myelin-reactive T cells for IL-17 (p < 0.0001), GM-CSF (p = 

0.0114), IFN-γ (p < 0.0001), IL-10 (p = 0.0005) and proliferation (p < 0.0001).

Cao et al. Page 17

Sci Transl Med. Author manuscript; available in PMC 2016 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Single-cell clonal analysis of myelin-reactive CCR6+ memory CD4+ T cells in HLA-DR4+ 

patients with MS and healthy control subjects
Tetramer-sorted single cell clones (n = 144) were stimulated with DR4 myelin peptides 

(MOG97-109 and PLP180-199) to verify the specificity. Heatmap shows functional profiles of 

individual clones measured on day 5 after stimulation. Data were z-score normalized within 

a given parameter, and organized by hierarchical clustering. Clusters that separated in the 

dendrogram by a distance metric of 3 are shown in each box, and pie charts indicate 

proportion of clones within a given cluster derived from healthy (black) or MS (grey) 

subjects. The numbers next the pie charts refer to the clones classified into each proportion. 

Clones that did not respond after re-stimulation (42 healthy control and 41 MS clones) are 

not shown here, but did cluster together.
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Fig. 4. Gene expression analysis of myelin-reactive CCR6+ memory T cells in HLA-DR4+ 

patients with MS and healthy subjects
CCR6+ memory CD4+ T cells from healthy subjects (n= 3) and MS patients (n = 5) were 

amplified by PHA and IL-2, scored for proliferation upon restimulation, and sorted as 

myelin tetramer+ and tetramer− cells for RNA sequencing. (A) Gene sets enriched in the MS 

tetramer+ samples (yellow), healthy control (HC) tetramer+ samples (green), or both as 

determined by GSEA (FDR < 0.05). Representative gene sets from each category are shown. 

(B) Venn diagram summarizes the overlap of genes with the core pathologic EAE set 

(white), and the total genes in the leading edge (light grey), within the differentially 

expressed gene set reported by Lee et al (dark grey) (16). The heatmap (right) shows the z-

score normalized log2FPKM values for the indicated genes in MS tetramer+ or tetramer− 

samples. Genes that are bold with asterisk are contained within the leading edge gene set. 

(C) −log(FDR) values of GSEA results for gene sets indicated. FDR values that were 
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reported as zero were set to 4 for display purposes (pathogenic Th17, Th17 differential 

expression, Th17 cytokines, and Th17 combinatorial core). Dashed line shows FDR > 0.05. 

(D) A network representation of molecules enriched in MS tetramer+ samples. The color of 

each molecule shows fold change of MS tetramer+ relative to MS tetramer− as indicated by 

the key. Solid (direct) or dashed (indirect) cyan lines denote known molecular interactions. 

Select molecules are labeled and molecules highlighted in orange were differentially 

expressed.
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