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Abstract

Background and Objectives

Follicular helper T (Tth) cells play a critical role in protective immunity helping B cells produce
antibodies against foreign pathogens and are likely implicated in the pathogenesis of various
autoimmune diseases. The purpose of this study was to investigate the role of Tth cells in the
pathogenesis of multiple sclerosis (MS).

Methods

Using flow cytometry, we investigated phenotype, prevalence, and function of Tth cells in blood
and CSF from controls and patients with relapsing-remitting MS (RRMS) and primary pro-
gressive MS (PPMS). In addition, an in vitro blood-brain barrier coculture assay of primary
human astrocytes and brain microvascular endothelial cells grown in a Boyden chamber was
used to assess the migratory capacity of peripheral Tth cells.

Results

This study identified 2 phenotypically and functionally distinct Tth cell populations: CD25~
Tth cells (Tthl-like) and CD25™ Tth cells (Tth17-like). Whereas minor differences in Tth cell
populations were found in blood between patients with MS and controls, we observed an
increased frequency of CD25™ Tth cells in CSF of patients with RRMS and PPMS and CD25™
Tth cells in patients with RRMS, compared with controls. Increasing frequencies of CSF
CD2S™ Tth cells and the CD25™ Tth/Tfr ratio scaled with increasing IgG index in patients with
RRMS. Despite an increased prevalence of intrathecal Tth cells in patients with MS, no
difference in the migratory capacity of circulating Tth cells was observed between controls and
patients with MS. Instead, CSF concentrations of CXCL13 scaled with total counts of Tth and
Tfr cell subsets in the CSF.

Discussion

Our study indicates substantial changes in intrathecal Tth dynamics, particularly in patients
with RRMS, and suggests that the intrathecal inflammatory environment in patients with
RRMS promotes recruitment of peripheral Tth cells rather than the Tth cells having an
increased capacity to migrate to CNS.
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Glossary

BBB = blood-brain barrier; HBMEC = human brain microvascular endothelial cells; IgG = immunoglobulin G; IFN =
interferon; IL = interleukin; MCAM-1 = melanoma cell adhesion molecule 1; MS = multiple sclerosis; PBMCs = peripheral
blood mononuclear cells; PD-1 = programmed cell death protein 1; PPMS = progressive MS; RPMI = Roswell Park Memorial
Institute medium; RRMS = relapsing-remitting MS; TEER = transendothelial electrical resistance; Tth = follicular helper T;

Tfr = follicular regulatory T cells.

Multiple sclerosis (MS) is a chronic immune-mediated de-
myelinating disease of the CNS characterized by immune cell-
mediated damage of nervous tissue.”” A hallmark of MS is
intrathecal antibody production, but despite intense in-
vestigation, the mechanism remains unresolved.’ Although
antibody production is naturally dependent on B cells, specific
subsets of T cells are also involved. Follicular helper T (Tth)
cells are a subset of peripheral lymphoid tissue T cells primarily
located in germinal centers where they function to promote
B-cell differentiation to antibody-producing plasma cells.**
Conversely, follicular regulatory T cells (Tfr) function by
suppressing the Tth-induced B-cell response.” Phenotypically,
both Tth and Tfr cells express CD4 and the lymphoid follicle-
homing chemokine receptor CXCRS, and their expression of
programmed cell death protein 1 (PD-1) is induced by cognate
antigen activation.*” Since Tth and Tfr cells exhibit opposite
functions in regulating humoral immune responses, their bal-
ance is important for maintaining immune homeostasis."®
Imbalances between Tth and Tfr cells promote dysregulated
antibody production and may contribute to the development of
autoimmunity."' Recently, the discovery of circulating Tth cells
has allowed investigation of their involvement in the patho-
genesis of several autoimmune disorders.'? Furthermore, it has
been shown that analogous to nonfollicular Th cells, circulating
Tth cells can be classified according to the expression of
CXCR3 and CCR6 into Tthl (CXCR3"CCRé6 ), Tthl7
(CXCR3'CCR6"), Tth2 (CXCR3'CCR6), and Tthl7.1
(CXCR3'CCR6") cells producing different cytokines that
exert distinct B-cell helper activity.">"*

Previous studies have observed higher frequencies of circu-
lating Tth cells in patients with relapsing-remitting MS
(RRMS) compared with healthy controls and that Tth cells
correlate positively with disease severity and progression.">"”
In addition, an imbalance in the blood Tth/Tfr cell ratio has
been reported in patients with RRMS. This ratio was found to
scale with intrathecal immunoglobulin synthesis, as assessed
by the immunoglobulin G (IgG) index.'” Furthermore,
studies have shown an increased intrathecal level of the che-
mokine ligand of CXCRS and CXCL13 in patients with
RRMS, suggesting that Tth cells are more prone to migrate
into CSF."®2! We, therefore, hypothesize that Tth cells play a
similar B-cell priming role in the inflamed CNS in addition to
helping a B-cell response in peripheral lymphoid tissue. To
investigate this hypothesis, we analyzed Tth cells and their
activity in blood and CSF samples from patients with RRMS
and primary progressive MS (PPMS).
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Methods
Study Participants

In this case-control observational study, we included 35
treatment-naive patients with RRMS (mean age 36 years;
range 21-62), 21 untreated patients with PPMS (mean age
5SS years; range 44-62), 14 symptomatic controls (mean
age 34 years; range 20-60), and 22 healthy controls (mean
age 45; range 26-74). All patients and controls were
recruited at the Danish MS Center. In addition to blood
from all test participants, CSF was collected from 25 pa-
tients with RRMS, 17 patients with PPMS, and 10 of the
symptomatic controls.

An exploratory cohort of 10 healthy controls donating
blood and CSF was included at the Neurogenetics Clinic,
Danish Dementia Research Center, Rigshospitalet. The
healthy controls were huntingtin gene expansion negative
family members of Huntington’s disease gene expansion
carriers. Due to a possible center variation, data from this
cohort have not been used for direct comparison with the
other cohorts.

The patients with MS were diagnosed according to McDo-
nald 2017 criteria.”**® Patients with RRMS were treatment-
naive, and patients with PPMS were clinically inactive and
untreated for at least 6 months before sampling and had
never received any immune cell-depleting therapies. In ad-
dition, all patients were included at least 1 month after last
steroid treatment. Healthy controls included had no auto-
immune, neurologic, or chronic illness. Symptomatic con-
trols were defined as individuals with neurologic symptoms
but with no objective clinical or abnormal paraclinical find-
ings (e.g., no oligoclonal bands, normal albumin quotient,
and normal white blood cell count in the CSF) to define any
neurologic disease.**

Clinical and paraclinical data of the 35 patients with RRMS
included median EDSS 2 (range 0-4.5), mean disease du-
ration 1 year (range 0-25), IgG oligoclonal bands observed
in 33 patients, and relapses reported in 29 patients 12
months before sampling (of whom 16 were reported within
the past 3 months). Clinical and paraclinical data of the 21
patients with PPMS include median EDSS 4 (range 2-6.5),
mean disease duration 10 years (range 2-24), IgG oligo-
clonal bands observed in 20 patients, and no relapses
reported 6 months before sampling.
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Figure 1 Two Phenotypically Different Tfh Cell Populations
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(A-C) Gating strategy of Tfh and Tfr cells. A.a-c: Gating strategy includes a CD3/CD4 gate in a dot plot of single-cell lymphocytes (A.a), a CD127/CD25 dot
plot for gating of CD127+CD257, CD127+CD25int, and CD127-CD25hi (A.b), and a PD-1/CXCR5 dot plot for Tfh and Tfr cells (A.c). B.a-c: Flow cytometry dot
plot gating example of the 3 differentiation stages of Tfh cells in blood (B.a); naive (CD45RA + CCR7+), central memory (CM) (CD45RACCR7+), effector
memory (EM) (CD45RACCR7-) and pie charts showing the distribution of naive, CM, and EM cells within CD25" Tfh (B.b) and CD25int Tfh (B.c) cell
compartments. C.a-c: Dot plot gating example of the 3 Tfh subpopulations in blood: Tfh1 (CCR6-CXCR3+), Tfh17 (CCR6+CXCR3-), and Tfh17.1 (CCR6+-
CXCR3+)(C.a) and pie charts showing the distribution of Tfh1, Tfh17, and Tfh17.1 cells within CD25™ Tfh (C.b) and CD25int Tfh (C.c) cell compartments. D.a-
b: Frequencies of CD25™ Tfh and CD25int Tfh cells producing IFN-y and IL-17 (D.a), and IL-4 and CXCL10 (D.b). Tfh = follicular helper T; Tfr = follicular

regulatory T cells.
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Table 1 Tfh Subpopulation Phenotyping

% CD25~

% CD25™"t

% PD-1" CD25~

% PD-1* CD25™

Tfh mean (range) Tfh mean (range) p Value Tfh mean (range) Tfh mean (range) p Value
Freshly isolated cells
Naive (CD45RA*CCR7") 43.90 (29.9-74.3) 15.45 (6.1-50.1) 0.02 11.14 (4.1-56.2) 9.96 (2.1-67.3) ns
CM (CD45RA~CCR7") 45.45 (23.5-54.1) 68.15 (42-80.6) 0.02 54.63 (17.9-70.9) 57.15 (27-76.1) ns
EM (CD45RA™CCR7"7) 7.20(7.1-15.2) 13.99 (7.7-22.6) ns 15.99 (9.7-34.1) 23.25 (5.6-40.3) ns
Tfh1 (CXCR3*CCR67) 43.40 (24-58.7) 19.20 (14.8-31.9) <0.0001 53.05 (29.2-66-7) 26.90 (16.2-38.7) <0.0001
Tfh17 (CXCR3~CCR6") 18.20 (8.6-24.5) 37.60 (26.5-44.8) <0.0001 17.00 (8.1-28.5) 35.45 (25-47.6) <0.0001
Tfh17.1 (CXCR3"CCR6") 10.45 (6.7-15) 10.25 (5.8-14.6) ns 12.40 (9.2-15.2) 14.35 (9.3-19.8) 0.01
CcD69* 6.38 (1.7-16.20) 8.38 (1.4-17) ns 3.62 (1.6-9.3) 11.90 (2.1-42.8) 0.04
HLA-DR* 8.73 (2.66-12.1) 445 (2.8-11) ns 5.73 (3-14.8) 6.68 (3.8-13.4) ns
cp4odh 42.10 (27-56.8) 43.70 (38.1-56) ns 48.75 (37.7-59.2) 49.60 (33.6-56.9) ns
CCR2* 3.62(1.99-14) 15.83 (11-32) 0.0006 5.31(4.6-18.7) 22.30(19.4-52.1) 0.0002
CCR4" 49.55 (26.9-60.7) 60.40 (46.5-70.3) ns 66.05 (40.6-76.6) 72.15 (62.1-79) ns
MCAM-1* 3.24(1.9-5.13) 7.41 (3.9-14) 0.02 4.32(1.18-7) 12.55 (4.4-34.8) 0.005
SLAMF5* 12.50 (9.1-15.5) 8.68 (6.2-21.1) ns 16.70 (6.1-23.1) 14.00 (6-17.3) ns
Stimulated cryopreserved cells

IFN-y* 7.34 (4.2-10.7) 4.31(2.9-7.7) 0.007 12.05 (5.3-16.2) 6.20 (2.9-15.8) 0.01
IL-17* 0.85(0.6-1.5) 3.93(1.43-9.28) <0.0001 1.76 (0.5-3.2) 5.38(1.8-25) 0.0003
IL-4* 0.91 (0.43-2.1) 2.43(1.4-7.9) <0.0001 1.70 (0.8-2.5) 4.63(2.4-15.3) <0.0001
IL-21" 2.16 (1.33-4.5) 2.13(1.2-4.3) ns 3.17 (1.6-5.7) 3.56 (1.8-5.1) ns
CXCL10" 6.81(4.1-15.5) 3.56 (2.8-5.9) 0.0005 8.17 (5.3-23.7) 4.56 (2.8-9.4) 0.001
cxcL13* 1.90 (0.7-4.1) 1.63 (0.5-3.7) ns 1.53 (0.1-7.6) 2.06 (0.7-5.5) ns

Abbreviations: CM = central memory; EM = effector memory; MCAM-1 = melanoma cell adhesion molecule 1; Tfh =follicular helper T cells; ns = nonsignificant.

Study Protocols Approval, Registrations, and
Patient Consent

All included individuals gave informed, written consent. Ethical
approvals were granted for all investigative procedures (Protocol
Nos.: H-16047666 and KF-01-314009).

Blood and Cerebrospinal Fluid Samples

Venous blood was drawn, and peripheral blood mononuclear
cells (PBMCs) were isolated by density gradient centrifugation
(Lymphoprep, Axis-Shield, Oslo, Norway) and washed twice in
cold phosphate-buffered saline containing 2 mM EDTA. Par-
allel with blood, 10 mL of CSF was collected in polypropylene
tubes on ice and instantly centrifuged for 10 minutes at 400 g
for isolation of cells. Then, CSF cells were immediately stained

and analyzed by flow cytometry.

Flow Cytometry Analyses of Freshly

Isolated Cells

For flow cytometry analyses of freshly isolated cells, a mini-
mum of 350,000 PBMCs and 3,000 CSF cells were incu-
bated with a FcR-blocking reagent (Miltenyi Biotec, Bergisch
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Gladbach, Germany) and stained with fluorochrome-conjugated
antibodies against surface molecules of interest. For Tth cell
phenotyping, the following antigens were assessed: CD3
(AF488; UCHT1), CD127 (BV421; A01905), CD25 (PE;
M-A251), PD-1 (BV60S; EHI22H7), CXCRS (PE/Cy7;
1252D4), CCR7 (AF674; G043H7), CD4SRA (FITC; H100),
CD69 (APC; FN50), CXCR3 (APC; G025H7), CCR2
(PerCP/Cys.5; K036C2), CCR4 (APC; L291H4), CCR6
(PerCP/CyS5.5; G034E3), melanoma cell adhesion molecule
1 (BV421; P1H12), CD49d (APC; 9F10), SLAMES (FITC;
MZ18-21F6) all from BioLegend (San Diego, CA, USA),
HLA-DR (APC; L203) from R&D Systems (Minneapolis,
MS), and CD4 (APC/AF750; S3.5) from Invitrogen (Wal-
tham, MA). The corresponding isotype controls were in-
cluded where appropriate. Data were acquired on a FACS
Canto II flow cytometer, and data analysis was performed
using Flow]Jo software (Tree Star, Inc., Ashland, OR).

Intracellular Cytokine and Chemokine Staining
For analysis of Tth cell cytokine and chemokine production,
cryopreserved PBMCs from 12 patients with RRMS and 12

September 2022 Neurology.org/NN
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Figure 2 Enrichment of Tfth and Tfr Cells in the CSF of Patients With MS

A.a . en A.b .
20 . 87 *
*kk *kk *kk *k% _kEkk
%]
v __ 15 E — 67
T2 ° £ = H o
Z8 g 2
B o & APy 1 2
=0 : 88 } 2 ¢
lag"; ° L . O o ® °
¢s & 3 ee - B S
S 5 ° o 2 — ot
L * ' ’. [ ]
. ‘8 »
®
0 0= I T T
o@ r @0 N @ 5 @ S S S P&
@ $>\ @5\ (’)(J\ & & @C)\ @C)\ & %(/\
B.a . B.b B .
20 — 6 — ok "
*k% * °
b »n
o °
2 15 S5 °
8 = == 4 !
[7] ° [ ] o [ ]
= © ° g Y
E - E =
5% 0, ° . i § & ° i Py ; e o
~ ® ® ] ®
S« e o e o - -
-2 | ‘ AL ‘ ® o
S 5 - , P & f. g
’ e ® =3 ’ ‘e ®
° Y b4 . o x
[ S
0= — 1 — 0= 1 N SR
IS S & S & DK I & K DL
\00 \00 \((? \00 @ O \(-(7 O0 Oo @ O @ O @
RS Q e QRS & O (Y
N © © O © (¥4 N L © O O
\z\(, @f—) S @f—) 3 & \2\(, @0) S ®% Q &
& <& & ] S & & ]
Ca - Cob .
5 ] *k% *k%k 2 7]
4 ® . °
— [ ] [P
] o =
28 3 ® ® e 8% 4 '
9 ° & [ L4 ® L] The prevalence of CD25™ Tfh cells (A.a)
o5 s ° " L Ty 1 . s ° and PD-1+ CD25 Tfh cells (A.b),
[ a) ° ’ af T a Py * ° CD25int Tfh cells (B.a) and PD-1+
20 27 ® H > ~ o 4 o i CD25int Tfh cells (B.b), and Tfr cells
kS ’ 3 <& e S o (C.a) and PD-1+ Tfr cells (C.b), in blood
= - ‘e ‘ ° » @ and CSF from patients with RRMS, pa-
T [ ] > & ) e o ﬁ L 2 tients with PPMS, symptomatic con-
® ?. & . » : ) S trols (SC), and healthy controls (HC).
L4 ° L4 *® P-4 The meanvalue is shown for all groups
0 T T —¢ T 0 I T I ¥ T analyzed. ***p < 0.0001; **p < 0.005;
* = i e
p < 0.05. MS = multiple sclerosis;
oo& oo&éjf)(\ oo& \cff\ oo&\(jff\ c.0& 00& \é\ o&\(jff\ oo& \(ﬁff\ PPMS = progressive MS; RRMS = re-
(,© @& @ V@ (,© C (,© @é’) & RS (,© < lapsing-remitting MS; Tfh = follicular
NS Q\@c’ & Q@"’ K ) NS Q§’ & Q®(° R S helper T; Tfr = follicular regulatory
& ] ] T cells.

healthy controls were thawed and cultured in culture medium
Roswell Park Memorial Institute medium (RPMI) 1640/5%
human AB serum (Invitrogen, Carlsbad, CA)/penicillin/
streptomycin (50 U/mL) (Gibco, Waltham, MA) in 24-well
flat-bottomed plates (1.1 x 10° cells/well). Cells were either
left unstimulated or stimulated for 30 minutes at 37°C, 5%

Neurology.org/NN
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CO2 with Dynabeads Human T-Activator CD3/CD28
(Gibco) at a bead to cell ratio of 1:3 after which S pg/mL
brefeldin A (Sigma-Aldrich) was added to the cell culture and
the cells incubated for an additional 6 hours. Subsequently,

cells were surface stained with fluorochrome-conjugated an-
tibodies against TCRaf (APC/Cy7; IP26), CD4 (PerCP/
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Figure 3 IgG Index Correlate With Tfh and Tfr Cells and Tfh/Tfr Cell Ratio
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Cys.5; OKT4), CDI127 (BV421; A0190S), CD25 (PE;
M-A251), PD-1 (BV60S; EH12.2H7), and CXCRS (PE/Cy7;
J252D4) all from BioLegend. Cells were then fixed, per-
meabilized (fixation and permeabilization wash buffer from
BioLegend), and stained intracellularly with fluorochrome-
conjugated antibodies specific for IFN-y (APC; B27), IL-17
(AF488; BL168), IL-4 (AF488; MP4-25D2), and IL-21
(AF647; 3A3-N2) or corresponding isotypes from BioL-
egend, and CXCL10 (AF488; 33036), CXCL13 (APC;
53610) or corresponding isotypes from R&D systems. Data
were acquired on a FACS Canto II flow cytometer, and data
analysis was performed using Flow]Jo software.

Single-Molecule Array

CXCL13 concentrations were measured in cryopreserved CSF
from 25 patients with RRMS, 17 patients with PPMS, and 10
symptomatic controls. Samples were thawed on ice, and
CXCL13 was measured by single-molecule array (Simoa) using
the commercially available CXCL13 Discovery Assay kit (Cat.
No. 102635) from Quanterix (Billarica, MA) and an SR-X
instrument (Quanterix). All samples were measured in dupli-
cates with a mean intra-assay CV of 4.9%.

Blood-Brain Barrier Assay

The membranes of transwell inserts (CellQuart 12-well cell
culture inserts with 3.0 pym pore polyester membrane;
SABEU, Northeim, Germany) were coated on both sides with
20 pg/mL human fibronectin (Sigma, Merck, MO) at 37°C,
5% CO, for 2 hours. Fibronectin was then removed, and the
transwells were left to dry for 45 minutes. Hereafter, the
transwells were inverted, and 106.000 human brain astrocyte
(95,000 astrocytes/cm’, Gibco, ThermoFisher) in astrocyte
growth medium (Gibco, ThermoFisher) applied to the
abluminal side of the membranes and incubated at 37°C, 5%
CO, for 3 hours. The transwell inserts were then reverted
into the normal position, and warm astrocyte growth medium
was added to the wells and the luminal side of the transwell
insert and further incubated for 3 days at 37°C, 5% CO.,.

Neurology: Neuroimmunology & Neuroinflammation
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All astrocyte growth medium was then carefully removed not
to disturb the abluminal layer of astrocytes, and 106,000 hu-
man brain microvascular endothelial cells (HBMEC; 95.000
HBMEC/cm?, PeloBiotech, Martinsried, Germany) in
HBMEC medium (PeloBiotech) applied to the luminal side
of the transwell inserts. HBMEC medium was added to the
wells and incubated for an additional 2 days, where astrocytes
on the abluminal side and HBMEC on the luminal side of the
insert reached a confluent monolayer. The quality of the co-
culture was monitored by measuring the transendothelial
electrical resistance (TEER) value. Transmigration assay
was performed when a stable TEER-value of approximately
40 Q x cm” was reached when background was subtracted.

To induce inflammation of the in vitro blood-brain barrier
(BBB), 100 U/mL TNF-a and IFN-y (R&D systems) in
HBMEC medium were added to the wells 24 hours before
starting the transmigration assay. After this, the luminal side of
the transwell membrane was carefully emptied and the
transwell moved to a new 12-well plate. 700,000 T cells in
RPMI/2% B-27 (Gibco, ThermoFisher) from 12 treatment-
naive patients with RRMS and 12 healthy controls were
transferred to the luminal side of the membrane. T cells were
purified from thawed PBMCs using a human T-cell isolation
kit from STEMCELL Technologies (Vancouver, Canada).
RPMI/2% B-27 with or without 1,000 ng/mL CXCL13
(BioLegend) and 1,000 ng/mL CXCL10 (R&D Systems)
were added to the wells and incubated for 5§ hours at 37°C, 5%
CO,. As a control 700,000 T cells were additionally added to a
well without a transwell insert. After migration, a standardized
number of flow-count fluorophores (Beckman Coulter, CA)
were added to each well containing either control T cells or
migrated T cells. Migrated cells plus flow-count fluorophores
were harvested and stained for flow cytometry, as previously
described using fluorochrome-conjugated antibodies against
CD3 (APC/Cy7; UCHT1), CD4 (PerCP/CyS.5; OKT4),
CDI127 (APC; A01905), CD25 (PE; M-A251), PD-1
(BV60S; EH12.2H7), and CXCRS (AF488; J252D4) all
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Figure 4 CXCL13 CSF Concentrations Correlate With Intrathecal Tfh and Tfr Cell Counts
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from BioLegend, and the number and percentage of migrated
cells calculated

Number of migrated cells

detected number of cells X total number of count — fluorospheres added

detected number of count — fluorospheres

number of migrated cells

Percent migrated cells = x 100

number of cells in the control well

Statistics

Statistical analyses were performed using GraphPad Prism
7 software (GraphPad software Inc, La Jolla, CA). The
Kruskal-Wallis test followed by a post hoc Dunn multiple
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comparison test to compare T-cell subpopulations between
healthy controls, symptomatic controls, and patients with
RRMS and PPMS in blood and CSF. The Wilcoxon paired
signed rank test was applied for comparison of T-cell sub-
populations between blood and CSF of symptomatic con-
trols, patients with RRMS, and patients with PPMS,
respectively. The Mann-Whitney test was applied for
comparison of T-cell cytokines, adhesion molecules, che-
mokine receptors, and migration capacity between healthy
controls and patients with RRMS. Correlations were
assessed by Spearman rank correlation analysis. A p-value <
0.005 was considered statistically significant and <0.05 as
suggestive of signiﬁcance.25
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Figure 5 Equal In Vitro Migration of Tfh Cells From Patients With RRMS and Healthy Controls
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Absolute number and frequency of CD25™ Tfh cells (A.a-b), CD25int Tfh cells (B.a-b), PD-1+ CD25™ Tfh cells (C.a-b), and PD-1+ CD25int Tfh cells (D.a-b) migrated
across an in vitro human BBB either noninflamed (-TNF-a/IFN-y) or inflamed (+TNF-a/IFN-y) and either with or without a chemoattractant (+/- CXCL13/
CXCL10) applied to the assay. Compared cells are from patients with RRMS and healthy controls (HC). The mean value is shown for all groups analyzed. RRMS

= relapsing-remitting MS; Tfh = follicular helper T.

STROBE Guidelines
For this article, the STROBE reporting guidelines for obser-
vational studies was used.”®

Data Availability

Data are available in anonymized form and can be shared by
request form any qualified investigator. Sharing requires ap-
proval of a data transfer agreement by the Danish Data Pro-
tection Agency.

Results

Two Phenotypically Different Tfh

Cell Populations

In this study, we defined Tth cells as CD4"CD127"CXCRS”"
T cells and their corresponding regulatory counterpart, Ttr cells
as CD4"CD127 CD25"CXCRS* T cells. Furthermore, we
defined active Tth and Tfr cells as PD-1" (Figure 1A). Using
this gating strategy, a CD25~ and a CD25™ Tth cell population
became evident (Figure 1A). To investigate a possible phe-
notypical difference between CD25™ and CD25™ Tth cells,
various surface markers on freshly isolated PBMCs from 12
healthy controls were measured by flow cytometry. This
showed that approximately half of the CD25™ Tth cell
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population were naive cells (CD4SRA"CCR7"), and half were
central memory cells (CD4SRA"CCR7") in contrast to
CD25™ Tth cells representing a population primarily of central
memory T cells (Figure 1B, Table 1). In addition, a lower
frequency of CD25™ Tth cells expressed the chemokine re-
ceptor CCR2 and suggestively significantly lower frequency of
the adhesion molecule MCAM-1 compared with CD25™ Tth
cells (Table 1). Similar results were found for PD-1" Tth cells
(Table 1). We also examined the expression of the early acti-
vation marker CD69, the late activation marker HLA-DR, the
adhesion molecule CD49d, a part of the VLA-4 molecule, and
the chemokine receptor CCR4 and SLAMFS involved in Tth-
B-cell interaction on Tth cells. However, no differences were
observed between the 2 Tth subsets (Table 1).

We next examined the expression of CXCR3 and CCR6 on
CD25  and CD25™ Tth cells, dividing them into Tfhl
(CXCR3"CCR6), Tthl7 (CXCR3™CCR6Y), and Tfhl7.1
(CXCR3'CCR6") subpopulations representing different
T-helper functions.">** This showed that CD25™ and PD-
1"CD25™ Tth cells significantly represented the Tth1 pheno-
type and that CD25™ and PD-1*CD25™ Tth cells significantly
represented the Tth17 phenotype. The Tth17.1 phenotype was
suggestively significantly higher in PD-1'CD25™ compared
with PD-1"CD2S™ Tth cells (Figure 1C, Table 1).
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Elucidating a potential functional difference between CD25~
and CD25™ Tth cells, we assessed cytokine production of
cryopreserved PBMCs from 12 healthy controls stimulated
with anti-CD3/CD28 beads. This showed no difference of
CXCL13 and IL-21 production between Tth cell subpopu-
lations. However, IFN-y and CXCL10 production was sig-
nificantly higher in CD25™ and PD-1"CD2S™ Tth cells,
whereas IL-17 and IL-4 production was significantly higher in
CD25™ and PD-1"CD25™ Tth cells (Figure 1D, Table 1).
See eFigure 1, linksIww.com/NXI/A733 for cytokine and
chemokine gating examples.

Minor Differences of Tfh and Tfr Cells in the
Blood of Patients With MS and Controls

To explore a possible implication of Tth cells in the path-
ogenesis of MS, we compared the prevalence of peripheral
Tth and Tfr cells between patients with RRMS, patients
with PPMS, symptomatic controls, and healthy controls.
This showed no difference in either of the peripheral Tth or
Tfr cell populations between groups, except a suggestively
significant increase in peripheral CD25™ Tth cells in pa-
tients with RRMS compared with healthy controls and a
suggestive increase in PD-1"CD25™ Tth cells in blood
from patients with PPMS compared with healthy controls
(p < 0.05; Figure 2, A-C). In addition, we analyzed absolute
counts of blood Tth and Tfr cells and found no differences
between groups, except a lower number of CD25™ Tth cells
in blood from patients with PPMS compared with RRMS
(eFigure 2, links.Iww.com/NXI/A733). We further in-
vestigated the Tth/Tfr cell ratio in the blood and found no
difference between the groups analyzed (data not shown).

Enrichment of Tfh and Tfr Cells in the CSF of
Patients With MS

Next, we measured the prevalence of Tth and Tfr cells in the
CSF of patients with RRMS, patients with PPMS, and symp-
tomatic controls. This showed enrichment of CD25™ Tth cells
in CSF compared with blood in symptomatic controls and
patients with RRMS and PPMS (p < 0.0001; Figure 2A). The
same was observed for PD-1"CD25™ Tth cells in patients with
RRMS and PPMS (p < 0.0001; Figure 2A). By contrast, we
found a reduced frequency of CD25™ and PD-1"CD25™ Tth
cells in the CSF of symptomatic controls (p < 0.05) and pa-
tients with PPMS (p < 0.0001; p < 0.005) compared with blood
(Figure 2B).

As observed in symptomatic controls, we found an enrichment
of CD2S™ and PD-1"CD2S™ Tth cells in the CSF compared with
blood in the exploratory cohort of 10 healthy controls
(eFigure 3A, linksIww.com/NXI/A733). The frequencies of
CD25™ Tth and Tfr cells were reduced in CSF compared with
blood in healthy controls, whereas frequencies of PD-1"CD25™
Tth and PD-1" Tfr were similar in blood and CSF (eFigure 3B,C,
links Iww.com/NXI/A733).

Comparing frequencies of intrathecal Tth cells between
groups showed an increased frequency of CD25™ and PD-
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1"CD25™ Tth cells in patients with RRMS (p < 0.0001; p <
0.05) and PPMS (p < 0.05) compared with symptomatic
controls (Figure 2A). Comparing CD25™ and PD-1"CD25™
Tth cells between groups only showed a suggestive increase in
the CSF of patients with RRMS compared with symptomatic
controls (p < 0.0S; Figure 2B).

These observations indicate changes in the intrathecal Tth
dynamics, particularly in patients with RRMS. This was fur-
ther supported by the observation of an increased intrathecal
frequency of Tfr and PD-1" Tfr cells in patients with RRMS
compared with symptomatic controls (p < 0.00S, p < 0.05;
Figure 2C). Conversely, the frequency of Tfr cells was de-
creased in CSF compared with blood in patients with PPMS
and symptomatic controls (p < 0.0001; Figure 2C), but not in
patients with RRMS. No differences in intrathecal Tth/Tfr
cell ratios between groups were found (data not shown).

Intrathecal CD25™ Tfh Cells Correlate With the
IgG Index

We next considered a possible association between in-
trathecal Tth cells and the IgG index. This showed that high
levels of IgG index scaled with increased frequencies of
CD25™ Tth cells (p = 0.025; Figure 3A), PD-1"CD25™ Tth
cells (p = 0.012; Figure 3B), and the PD-1"CD2S5™ Tth/Tfr
cell ratio (p = 0.031; Figure 3C) of patients with RRMS.

Intrathecal Counts of Tfh and Tfr Cells
Correlate With CXCL13 CSF Concentration

in RRMS

Considering the pronounced CSF enrichment of Tth and Tfr
cells in patients with RRMS, we analyzed a possible associa-
tion between Tth and Tfr cell count and the CSF concen-
tration of the chemoattractant CXCLI13. CSF levels of
CXCL13 were significantly higher in patients with RRMS
(median 9.45 pg/mL, interquartile range (IQR) 6.3 pg/mL)
than in symptomatic controls (median 0.5 pg/mL, IQR 0.19
pg/mL, p < 0.0001), and suggestively higher in patients with
PPMS (median 3.6 pg/mL, IQR 3 pg/mL) than in SC (p =
0.01). Furthermore, we found that in patients with RRMS,
CSF CXCLI13 concentrations scaled with total counts of all
the Tth and Tfr cell subsets studied in CSF (Figure 4, A-C).

Equal Migration Capacity of Tfh Cells From
Healthy Controls and Patients With RRMS

We next investigated the CNS migratory potential of peripheral
Tth cells from patients with RRMS and healthy controls. For
this, we applied purified T cells to an in vitro BBB coculture
assay of primary human astrocytes and primary HBMEC
grown in a Boyden chamber. In this experiment, T cells were
left to migrate on both a noninflamed and an inflamed BBB
(prestimulated with TNF-a and IFN-y for 24 hours) using the
chemokines CXCL13 and CXCL10 as chemoattractants. This
showed no difference in absolute number and frequencies of
migrated CD25~, CD25™, PD-1'CD257, or PD-1"CD25™
Tth cells between healthy controls and patients with RRMS in
any of the BBB assay conditions applied (Figure S, A-D).
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Discussion

In this study, we investigated the involvement of Tth cells in
MS. Several studies have reported dysregulated levels of Tth
and Tfr cells in blood from patients with MS suggesting their
importance in disease pathogenesis.é'”’27 However, there are
discrepancies between studies reporting both elevated and
similar frequencies of circulating Tth cells in patients with
RRMS compared with healthy controls.'”'*#'>*® This may at
least partially relate to differing definitions of Tth cells.

In this study, we considered that the definition of CD4" Tth
cells based exclusively on CXCRS expression includes a fraction
of T cells with regulatory functions. Therefore, to separate
effector Tth cells (CD127") from the regulatory Tfr cells
(CD127°CD25"), we included the markers CD127 and CD2S5.
Thorough phenotyping of CD4"'CD127'CXCRS" Tth cells
revealed 2 distinct Tth populations: a CD25~ and a CD25™ Tth
population. These were further subdivided according to their
activation status based on PD-1 expression. The CD25™ Tth cell
population was composed of approximately 45% naive and 45%
central memory T cells, while CD25™ Tth cells were mainly
central memory T cells, suggesting that CD25™ Tth cells to a
greater extent represent an antigen-primed subset of Tth cells.

Proportional differences of the Tth subsets Tthl, Tth17, and
Tth17.1, defined according to the expression of the chemo-
kine receptors CXCR3 and CCR6, have been associated with
autoimmunity.'>"* Tfh17 cells were described as efficient
inducers of naive B-cell production of IgG and IgA in contrast
to Tth1 lacking the capacity to help B cells."* Here, we found
that CD2S™ and PD-1"CD2S™ Tth cells were enriched for
Tth1 phenotype cells producing significantly higher levels of
IFN-y and CXCLI10 than CD25™ and PD-1'CD25™ Tth
cells, which conversely expressed a Tthl7 phenotype pro-
ducing higher levels of IL-17 and the Th2 cytokine IL-4. The
observation that CD25™ Tth cells represent a Tfh17 phe-
notype was further supported by our findings of a significant
increase in expression of the chemokine receptor CCR2 and
the adhesion molecule MCAM-1 on CD25™ Tth cells, both
predominantly expressed on Th17 cells.”*>*

In this study, we considered the implication of Tth cells in MS
pathogenesis. First, we assessed the prevalence of the 4 Tth
populations in blood from healthy controls, symptomatic
controls, and patients with RRMS and PPMS. In contrast to
previous studies, we found no differences in the peripheral
Tth cell populations or their regulatory counterpart Tfr cells,
between groups except for a suggestively significant increase
in CD25™ Tth cells in patients with RRMS compared with
healthy controls and a suggestive increase in PD-1"CD25™
Tth cells in blood from patients with PPMS compared with
healthy controls. Circulating blood Tfr cells were previously
observed to be significantly reduced in patients with RRMS
compared with healthy controls and also had a clearly reduced
suppressive function.>** However, we found no difference in
frequencies of circulating Tfr cells between groups.
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A single-cell RNA sequencing study recently reported in-
creased frequencies of Tth cells in CSF from a small group of
patients with RRMS compared with healthy controls, sug-
gesting these as key mediators of B-cell recruitment and ex-
pansion in CSF.** In agreement, we found a significant CSF
enrichment of CD25™ Tth cells compared with blood in
healthy and symptomatic controls and patients with RRMS
and PPMS. Similarly, we found a significant CSF enrichment
of PD-1"CD25™ Tth cells, however only in patients with
RRMS and PPMS and healthy controls. When comparing Tth
cells in CSF, we found that both CD25” and PD-1*CD25~
Tth cells were significantly increased in patients with MS
compared with symptomatic controls. Therefore, our data
indicate an increased presence of CD2S5™ Tth cells in the CSF
of patients with MS in contrast to CD25™ Tth cells. The
increase in CSF CD25™ Tthl cells may be due to their ex-
pression of CXCR3, which is notoriously linked to cell re-
cruitment to CXCL10-expressing tissue, as the CSF of
patients with MS. The observed low abundance of CD25™
Tth17 cells in the CSF may be due to diminished recruitment
of this antibody-promoting Tfh subset from the blood or
result from their migration into the meninges, the center of
Tth:B-cell interaction, or into the brain parenchyma. Where
CD25™ Tth17 cells likely participate in MS pathogenesis
through B-cell activation and antibody production, the im-
portance of the observed increased frequency and activity
(PD17) of intrathecal CD25™ Tth1 cells is more speculative.
CD25" Tthl cells may contribute to MS pathogenesis
through B-cell recruitment in response to their CXCLI13
production or through microglia activation in response to
their IFN-y production. CD25™ Tthl cells and particularly
PD-1"CD25™ Tth cells produce high amounts of IFN-y, a
cytokine that enhances the production of superoxides and
expression of FcR on microglia cells.* Microglia are a pop-
ulation of cells in the CNS considered immune guards capable
of performing a potent inflammatory response.”” In patients
with MS, microglia increase their expression of FcyR, recep-
tors that detect and bind IgG antibodies. FcyR:IgG binding
on microglia leads to a release of inflammatory mediators,
oxidative burst, phagocytosis, neurotoxicity, and regulation of
B-cell activation and antibody production.*® It is possible that
CD25™ Tthl and CD25™" Tth17 cells cooperate in B-cell
activation and nervous tissue damage. This hypothesis is
supported by our finding of a correlation between intrathecal
CD25™ and PD-1"CD25™ Tthl cells and the IgG index.

Considering that the Tth cells were increased in CSF and that
this was more pronounced in patients with RRMS compared
with symptomatic controls, we investigated whether the Tth
cells of patients with RRMS had a greater potential to migrate
across a human in vitro BBB. We found that Tth cells of
patients with RRMS and healthy controls migrated equally
well across the BBB when exposed to the same conditions.
This suggests that the enrichment of Tth cells observed in vivo
in the CSF might depend on the concentration of intrathecal
chemoattractants. Previous studies have shown increased
concentrations of the CXCRS and CXCR3 chemokine
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ligands CXCL13 and CXCL10 in CSF from patients with MS
compared with healthy controls.'®*"**%° We confirm signif-
icantly higher CXCL13 CSF levels, especially in patients with
RRMS, and furthermore, we found that CXCL13 levels cor-
related with intrathecal counts of Tth and Tfr cell subsets.
Collectively, these data indicate that the enhanced re-
cruitment of both Tth and Tfr cells to the CSF observed in
patients with RRMS likely is a result of the increased con-
centrations of CXCL13 rather than an increased migratory
potential of Tth and Tfr cells.

With this study, we investigated the role of Tth cells in the
pathogenesis of MS. We provide evidence that Tth cells are
related to the MS-associated intrathecal inflammation. We
found enrichment of Tth cells in symptomatic controls;
however, this was even more pronounced in patients with MS.
Despite increased frequencies of Tth cells in CSF, we found
no differences in the migratory capacity between Tth cells
from patients with RRMS and healthy controls. Instead, the
increased number of CSF Tth cells in patients with MS might
be attributed to increased CXCL13 concentrations in the
CSF. In addition, we found correlations between IgG index
and frequencies of CSF-resident CD25™ Tth cells as well as
CD25™ Tth/Tfr ratio in patients with RRMS, suggesting a
dysregulated Tfr function important for the Tth activity.
These findings suggest that Tth cells possess significant po-
tential for migration across the BBB and that they are likely
implicated in the intrathecal antibody production observed
in MS.
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