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Multiple sclerosis, an immune-mediated disease of the central nervous system,
is characterized by the impaired function of regulatory cells that fail to suppress
self-reactive effector cells. We have previously found that polysaccharide A, a

edu capsular antigen derived from the human gut commensal Bacteroides fragilis,

Funding Information
This work was supported by a grant from the
NIH (Al110170 to LHK).

can induce a population of regulatory T cells. Herein, we demonstrate that
naive T cells isolated from patients with multiple sclerosis have the capacity to
acquire regulatory characteristics when stimulated in vitro with polysaccharide

A. This study demonstrates the amplification of a regulatory T cell response by
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory dis-
ease of the central nervous system (CNS) associated with
demyelination, neuronal transection, and progressive dis-
ability. The most common presentation of MS is relaps-
ing-remitting MS that is associated with periods of
active inflammation and demyelination that can last for
days or months followed by periods of remission and
remyelination with decreased disease severity. It is
believed that the fluctuation between relapse and remis-
sion is greatly influenced by the balance of self-reactive
effector T cells and regulatory T cells (T,eg). Impor-
tantly, studies have shown that while MS patients harbor
normal frequencies of Tieg, their production of IL-10
and overall suppressive capacity is significantly reduced
allowing for increased inflammation driven by effector
cells.'" For many years, the immunopathogenesis of this
condition was attributed to an imbalance of Th1/Th2
polarization in which the enhanced Thl response was
associated with the production of IFNy and TNFa.
More recent studies in both humans and mice have
alternatively indicated that IL-23 and IL-17 are the prin-
cipal proinflammatory cytokines responsible for disease
progression.

a gut-derived commensal antigen in those with multiple sclerosis.

While the etiology of MS is poorly understood, recent
studies have established a connection between inflamma-
tion in the CNS and the microbial composition of the
gut (referred to as the gut microbiome).” Importantly,
MS patients with active disease and those who have yet to
undergo treatment have altered abundances of specific
microflora within their gut microbiome, whereas patients
in remission or undergoing treatment, respectively, harbor
microflora that is more similar to controls.”® Thus, a
reduction in disease severity in the brain positively corre-
lated with the correction of altered gut microflora (dys-
biosis). to modulate
neuroimmune activity has been well documented. In the
mouse model of MS (experimental autoimmune encepha-
lomyelitis; EAE), segmented filamentous bacteria promote

The ability of gut microbes

the development of disease, while Bacteroides fragilis has
anti-inflammatory properties.” ° In humans, Clostridium
perfringens has been associated with the onset of neu-
romyelitis optica spectrum disorder, an MS-like disease.'’

B. fragilis is an anaerobic commensal that comprises
0.5-1.0% of the human colonic bacterial microflora in all
mankind."" B. fragilis produces eight different polysaccha-
rides of which polysaccharide A (PSA) has potent
immunomodulatory properties. Orally administered PSA
protects against EAE and experimental colitis by
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eliciting T, with IL-10-dependent immunosuppressive
function.'>"? While it had previously been demonstrated
that PSA acts via TLR2 to drive the induction of Tg in
mice,'* we have recently shown that PSA can induce the
differentiation of T,.g when added to in vitro co-cultures
of dendritic cells (DCs) and naive T cells isolated from
the blood of healthy donors.'” In this study, we deter-
mined if PSA could similarly drive the differentiation of
Tregs from naive T cells isolated from patients with MS.

Methods

Fresh blood was collected from healthy volunteers
(n=18) (Dartmouth Hitchcock Memorial Hospital;
Lebanon, NH) and patients with MS (n = 18) (Concord
Hospital; Concord, NH). Patient demographics are
detailed in Table 1. The protocol for the study was
approved by the Institutional Review Boards at both loca-
tions, and informed consent was obtained from each sub-
ject. Due to the geographical distance between Concord
Hospital and Dartmouth College, blood was stored over-
night at room temperature under gentle agitation.
Healthy control blood was treated identically despite its
local acquisition. Peripheral blood mononuclear cells were
isolated using a ficoll concentration gradient (Thermo-
Fisher). Naive T cells (CD4"CD45RA™) and DCs
(CD11c") were sorted using magnetic-associated cell sort-
ing per the manufacturer’s instructions (Miltenyi). Forty
thousand T cells were co-cultured with 10,000 DCs and
stimulated with or without PSA (25 pug/mL) in AIM V
media supplemented with 5% human serum and recom-
binant IL-2 (100 U/mL) at 37°C and 5% CO,. After
5 days, supernatants were harvested for detection of IL-10
by ELISA (Biolegend), and the cells were assayed for Fox-
p3 expression by flow cytometry (eBioscience) and ana-
lyzed using FlowJo (TreeStar). Statistical significance was
determined using Prism software (GraphPad).

Results

We used both phenotypic and functional parameters to
examine the conversion of naive T cells to Ty following
in vitro co-culture with DCs and PSA. When T cells

Table 1. Donor demographics. No significant differences in the age
of controls versus MS patients were identified using one-way ANOVA
for statistical analysis. S.D; standard deviation

MS patients
Healthy controls  Untreated GA
N (Sex) 18(F) 10(F) 5(F)/3(M)
Age Range 25-54 29-67 30-63
Mean age + S.D.  42.3 £ 10.15 49.1 +11.7 509 + 11.38
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isolated from healthy donors were cultured in the pres-
ence of PSA, we found a significant increase in the fre-
quency of Foxp3®™ T cells as previously shown
(P =0.0304) (Fig. 1A)."> T cells were also isolated from
MS patients that were either naive to treatment (MS;
n=10) or actively treated with glatiramer acetate
(Copaxone®) (MS-GA; n =8). We found a significant
increase in the frequency of Foxp3™ T cells when cells iso-
lated from MS patients were stimulated with PSA
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Figure 1. Foxp3 expression in T cells stimulated with PSA. Naive T
cells isolated from the indicated donors (healthy controls [HC/Q,
untreated MS patients [MS/ [0 ], and GA-treated MS patients [MS-
GA/ A ) were cultured in vitro for 5 days in the presence or absence
of PSA. Foxp3 expression was determined by intracellular staining. (A)
Data are presented as the % Foxp3™ of the total live CD4*
population. Statistical analysis was determined using a paired t test
(nonparametric Wilcoxon matched-pairs signed-rank test). * P < 0.05;
** P <0.01 (B) The fold change in the MFI of Foxp3 was calculated
by dividing the average MFI of Foxp3 in the PSA-treated wells by the
average MFI of Foxp3 in untreated wells. Statistical analysis was
determined using an unpaired t test (nonparametric Mann-Whitney
test). ** P < 0.01; ***P < 0.001.
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(P = 0.0039). Similarly, PSA could induce T,., conversion
in naive T cells isolated from patients undergoing treat-
ment with GA (P = 0.0156). As an additional parameter
to ascertain T, induction, we measured the mean fluo-
rescence intensity (MFI) of Foxp3 in the Foxp3™ Treg
population induced by PSA. Since samples were collected
on different days using different instrument settings, we
calculated the fold change in the intensity of Foxp3 rela-
tive to the cells cultured without PSA. We found a signifi-
cant increase in the fold change in the MFI of Foxp3 in
both cohorts of MS patients (P = 0.0006 [untreated] and
P =0.0057 [GA-treated]) (Fig. 1B). Despite the small
sample size of our study, these data suggest that a single
gut-derived microbial antigen has the capacity to convert
naive T cells isolated from patients with MS to a Ty
phenotype.

This result is of potentially important clinical value
since T function is known to be impaired in patients
with MS." Since suppressive function often corresponds
to the production of IL-10, we next determined if stimu-
lation with PSA resulted in an increase in IL-10 produc-
tion. Similar to our previous studies, there was a
significant increase in IL-10 production when cells from
healthy donors were stimulated in vitro with PSA
(P =0.0034) (Fig. 2). Importantly, cells from untreated
MS patients also produced significantly more IL-10 in the
presence of PSA (P = 0.0039). T cells isolated from some
of the GA-treated patients demonstrated an increase in
the production of IL-10. While these findings did not
reach statistical significance, there was an overall trend
toward increased IL-10 in cells treated with PSA com-
pared to control (P = 0.0781). Together, these findings
suggest that naive T cells from MS patients, particularly
those naive to treatment, have the capacity to acquire
immunosuppressive function in response to this isolated
commensal antigen that could potentially correct the
established defects in T, function during MS. Further-
more, the observed trend would suggest that upregulation
of IL-10 by PSA may amplify T,., conversion in combina-
tion with established MS therapeutics.

Discussion

The composition of the mammalian gut microbiome has
been shown to have various effects on immune function
and other bodily processes. Intestinal dysbiosis has been
identified in multiple autoimmune disorders affecting not
only the CNS but a wide range of organs. Specifically
relating to the CNS, dysbiosis appears in both EAE and
human MS. Recent studies show that patients exhibit a
shift in the relative abundances of certain genera.*® For
example, those with MS harbor increased levels of Blautia
(from  the phylum  Firmicutes) and  decreased
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Figure 2. IL-10 production by T cells stimulated with PSA. Naive T
cells isolated from the indicated donors were cultured in vitro for
5 days in the presence or absence of PSA. IL-10 (pg/mL) was
measured in the supernatants by ELISA. Statistical analysis was
determined using a paired t test (nonparametric Wilcoxon matched-
pairs signed-rank test). ** P < 0.01.

Parabacteroides (from the phylum Bacteroidetes) compared
to healthy controls.” Such shifts could influence the over-
all ratio of Firmicutes to Bacteroidetes which is known to
have downstream physiological and immunological
effects. Together these data indicate that the gut micro-
biome is an important and critical organ that may be
directly involved in the pathogenesis of CNS demyelinat-
ing disease. Other CNS conditions including autism,
Parksinson’s disease, depression, and both stroke and
spinal cord injury are associated with gut dysbiosis and,
in the case of spinal cord injury, can demonstrate
improvement in motor function and repair of the ner-
vous system when addressed.'® *° The association between
immune function, nervous system repair, and the mam-
malian microbiome may suggest that novel therapies for
inflammatory diseases of the CNS, such as MS, could be
found in the human gut microbiome.

The human gut commensal B. fragilis has been shown
to have a beneficial effect in the mouse model of MS that
is dependent on the expression of PSA.’ Similarly, puri-
fied PSA can significantly reduce disease severity when
orally administered either prophylactically or therapeuti-
cally using IL-10-dependent mechanisms.'? In vitro stud-
ies using PBMCs from healthy human donors have
shown that PSA stimulates DCs to induce immunosup-
pressive Foxp3* Treg&15 Unlike murine studies,’ we had
previously found that plasmacytoid DCs in combination
with PSA were unable to induce Foxp3 expression in
human CD4" T cells.'> The findings herein demonstrate
that purified PSA can induce a regulatory phenotype and
IL-10 production in naive T cells isolated from patients
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with MS. Ongoing work in our laboratory has shown that
the amplified IL-10 response is not genetically restricted
across multiple human haplotypes (Kasper, LH, unpub-
lished data). We found an increased frequency of T cells
acquiring Foxp3 expression when exposed to PSA in cells
isolated from healthy controls, untreated MS patients,
and MS patients actively treated with GA. GA has been
previously shown to increase the frequency of Foxp3" T
cells and recover the suppressive capacity of Tieg in
patients with MS.** In addition, treatment with PSA sig-
nificantly increased the MFI of Foxp3 in both groups of
MS patients but not healthy controls. CD4"CD25" T,
isolated from MS patients were found to have signifi-
cantly reduced expression of Foxp3.*’ Since the level of
Foxp3 expression can impact suppressive function
in vivo,”* the ability of PSA to increase the MFI of Foxp3
provides further evidence that PSA could potentially
reverse the functional defects characterized in the T
population of MS patients. We also show that PSA can
significantly increase the production of IL-10. Both Fox-
p3" and Foxp3™ T, are capable of producing IL-10. In
this ELISA-based analysis, we neither distinguish between
the two populations nor identify the cellular source of IL-
10, but previous work using outer membrane vesicles iso-
lated from B. fragilis has shown that T cells, and not DCs,
are responsible for IL-10 production following exposure
to PSA.”®> The current study was limited by low numbers
of naive T cells isolated from individual MS patients, and
future studies will require additional flow cytometric
analyses such as CD25 and IL-7R staining to determine if
the induced T,y acquire a classical CD25MehCp1277ee/low
phenotype and intracellular cytokine detection of IL-10.
In vitro suppression assays will also be important to con-
firm that PSA-induced T, can significantly reduce the
proliferation of activated lymphocytes. Furthermore, while
we have focused these studies on the ability of naive T
cells to convert to Ty, others have shown that memory
T cells also have the potential to acquire regulatory char-
acteristics when appropriately stimulated.*® Indeed, thera-
peutic strategies focused on the modulation of the gut
microbiome to induce and/or enhance multiple subsets of
regulatory cells could prove most effective in the case of
MS.?” Our findings suggest that novel gut microbiome-
directed therapeutics such as PSA, possibly coupled with
current FDA-approved immune-modulating drugs, could
further enhance T,.,-mediated immunosuppression in the
context of CNS autoimmunity.
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