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Multiple sclerosis (MS) is a common and devastating chronic inflammatory disease of the
CNS. CD4+ T cells are assumed to be the first to cross the blood–central nervous sys-
tem (CNS) barrier and trigger local inflammation. Here, we explored how pathogenicity-
associated effector programs define CD4+ T cell subsets with brain-homing ability in MS.
Runx3- and Eomes-, but not T-bet-expressing CD4+ memory cells were diminished in
the blood of MS patients. This decline reversed following natalizumab treatment and
was supported by a Runx3+Eomes+T-bet− enrichment in cerebrospinal fluid samples
of treatment-naïve MS patients. This transcription factor profile was associated with
high granzyme K (GZMK) and CCR5 levels and was most prominent in Th17.1 cells
(CCR6+CXCR3+CCR4−/dim). Previously published CD28− CD4 T cells were characterized by
a Runx3+Eomes−T-bet+ phenotype that coincided with intermediate CCR5 and a higher
granzyme B (GZMB) and perforin expression, indicating the presence of two separate sub-
sets. Under steady-state conditions, granzyme Khigh Th17.1 cells spontaneously passed
the blood–brain barrier in vitro. This was only found for other subsets including CD28−

cells when using inflamed barriers. Altogether, CD4+ T cells contain small fractions with
separate pathogenic features, of which Th17.1 seems to breach the blood–brain barrier as
a possible early event in MS.
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Introduction

Multiple sclerosis (MS) is the most prevalent nontraumatic cause
of neurological disability among young adults. Although the eti-
ology of MS is still unclear, studies have highlighted that certain
pathogenic T cells are induced in peripheral lymphoid organs to
infiltrate the CNS and trigger local inflammation and demyelina-
tion. CD4+ T cells are enriched in the cerebrospinal fluid (CSF)
and are considered one of the first immune cells that disrupt
and cross the blood–brain barrier (BBB) in MS [1, 2]. More in-
depth insights into the effector program of brain-homing CD4+ T
cells in people with MS are needed to better understand which
subsets are triggered and how these affect the BBB as an initial
event in the disease course [3, 4]. The obtained knowledge can
help to fine-tune and personalize the use of currently available
T-cell-directed treatments and to develop more refined therapeu-
tic strategies that only target the disease-relevant T-cell subsets
[5–7].

As described by a vast body of literature, CD4+ T cells can
be classified into various subsets based on the expression of
lineage-specifying transcription factors (TF), distinct chemokine
receptors, and signature pro-inflammatory mediators, all of which
allow these T-cell subsets to exert different effectors functions in
inflamed tissues such as the CNS in MS [8–10]. The complex-
ity of this classification is ever-increasing as several new CD4+

T-cell phenotypes are being identified, with characteristics that
likely overlap between subsets [11]. We have previously reported
on two specialized CD4+ T-cell subsets that are associated with
the disease process of MS, namely CD4+CD28− [12] and Th17.1
(CCR6+CXCR3+CCR4−/dim) cells [13].

Human CD4+CD28− T cells, also known as CD28null T cells,
are clonally restricted and terminally differentiated helper T cells.
This subset is not only characterized by a loss of co-stimulatory
receptor CD28 but also by a gain of natural killer (NK) receptors
and cytotoxic molecules such as perforin and granzyme B [14–17]
(see [18] for a recent review) and by resistance to Treg-mediated
suppression [12, 19]. Cytotoxic properties of CD4+CD28− cells
have been described in the context of cardiovascular diseases,
rheumatoid arthritis [20], and neuroinflammation [21, 22]. In MS
patients, expansion of circulating CD4+CD28− T cells is associ-
ated with accelerated disease progression [23]. Furthermore, this
subset has the capacity to infiltrate inflammatory sites and accu-
mulate in MS brain lesions [21, 24–26].

Although Th17.1 cells are less familiar, we and others have
provided several lines of evidence that this T-cell subset con-
tributes to chronic inflammatory diseases such as MS. For
instance, as compared with other CD4+ memory T cells, Th17.1
cells selectively express antiapoptotic and cytotoxicity-related
genes, and are highly insensitive to glucocorticoids [13, 27, 28].
Furthermore, Th17.1-like cells are cytotoxic toward oligodendro-
cytes [29] and drive the pathology of experimental autoimmune
encephalomyelitis, the most commonly used animal model for MS
[30]. In people with MS, Th17.1 cells were relatively less present
in blood during active disease, particularly accumulated in the
blood after anti-VLA-4 treatment (natalizumab [NTZ]; preventing

the entry into the CNS) and predominated the CSF in contrast to
controls [13, 28, 31].

To understand whether Th17.1 and CD4+CD28− T cells differ-
entially contribute to MS, it is critical to assess the extent to which
their effector program overlaps and how this is associated with a
brain-homing phenotype. For CD8+ cytotoxic T cells (CTLs), the
effector program is defined by a close interplay between runt-
related transcription factor 3 (Runx3) and T-box transcription fac-
tors Eomesodermin (Eomes) and T-bet. [32–34]. In this study,
we integrated co-expression profiles of these transcription fac-
tors with those of effector molecules (GZMB, GZMK, perforin)
and chemokine receptors (CCR6, CXCR3, CCR5) to define the
brain-homing phenotype of CD4+ memory T cells in MS. For this,
we used blood samples from healthy individuals and MS patients
with and without NTZ treatment. Results of these immunophe-
notypic analyses were confirmed ex vivo using paired MS blood
and CSF samples and in vitro using both inflamed and nonin-
flamed brain endothelial layers, with a specific focus on Th17.1
and CD4+CD28− T cells. Taken together, our data show that the
expression of Runx3, Eomes, and T-bet characterizes CD4+ mem-
ory T cells with distinct brain-homing potential, which is different
between Th17.1 and CD4+CD28− T cells and reveals potential
new avenues for specifically targeting these subsets during the
MS course.

Materials and methods

Study subjects

Peripheral blood samples were collected from healthy donors in
collaboration with the University Biobank Limburg (UBiLim). We
obtained paired blood and CSF samples of MS patients who did
not receive disease-modifying therapy and were included at MS
center ErasMS (Erasmus MC). In addition, blood samples were
collected from MS patients with a relapsing-remitting disease
course who did and did not receive 18 months of NTZ treatment.
None of the NTZ-treated patients experienced a clinical relapse.
All patients were diagnosed according to the McDonald 2017 cri-
teria [35] and samples were collected at the time of diagnosis.
This study was approved by the local ethical committees (Eras-
mus MC, UBiLim Hasselt) and informed consent was obtained
from all donors. Clinical information of donors can be found in
Table 1.

Cell isolation

PBMC were isolated from whole blood using either density
gradient centrifugation (Lympholyte; Cedarlane) for samples
collected by UBiLim, or using CPT tubes (BD Biosciences) with
sodium heparin for samples collected by Erasmus MC. Obtained
PBMC were either used fresh or were frozen in fetal bovine
serum (FBS; Gibco, Thermo Fisher Scientific) with 10% DMSO
(Sigma-Aldrich) at UBiLim, or in RPMI 1640 with L-Glutamine
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Table 1. Clinical information of donors used for this study.

Cohort (sample) HC (PB) MS (PB) NTZ-MS (PB) MS (PB + CSF)

Number 18 17 8 9
Sex (M/F) 10/8 8/9 4/4 5/4
Age (range) ± SEM 38.6 (26–57) ± 1.865 39.6 (23–48) ± 1.649 30.0 (19–39) ± 18.394 46 (20–62) ± 5.406
Treatment N/A No DMT, MP <1-month

prior sampling 3/18
No treatment 15/18

18 months with
natalizumab 8/8

No DMT, MP <1-month
prior sampling 1/9
No treatment 8/9

Note: Donors mentioned in column denoted “PB + CSF” are MS patients from which paired peripheral blood (PB) and cerebrospinal fluid (CSF)
samples were analyzed.
Abbreviations: HC, healthy controls; MS, multiple sclerosis; NTZ, natalizumab; MP, methylprednisolone; N/A, not applicable.

(Lonza) with 20% FBS and 10% DMSO at Erasmus MC. PBMC
were stored in liquid nitrogen until further use. Paired blood
and CSF samples from MS patients were collected on the same
day and measured immediately upon collection and processing.
PBMC isolated to be used in migration assays were sorted on the
same day the blood was collected and were immediately used
for migration assays. All remaining experiments were performed
using frozen material.

Flow cytometry

For ex vivo sorting and phenotyping, the following antibodies
were used: CD4 BV605, CD8 AF700, CD28 BV711, CD45RA
APC Fire750 and BV605, CD45RO BV650, CD69 BV421, CCR4
PE Cy7, CCR5 AF700, CCR6 PE, CCR6 BV650, CXCR3 APC,
CXCR3 BV785, granzyme B AF647, granzyme K FITC, perforin
BV421, T-bet PerCP-Cy5.5, Runx3 PE (all BioLegend), granzyme
B PE-CF594, Fixable viability dye 700 (both BD Biosciences), CD4
APC eFluor780, Perforin PerCP eFluor710, Eomes PE eFluor610,
Fixable viability dye eFluor506 (all Thermo Fisher Scientific).
Intracellular staining was performed using the BD Pharmingen
Transcription Factor buffer set (BD Biosciences). Our gating
strategy used to identify Th subsets (based on [13, 27, 36, 37]
is shown in Fig. S1). The purity of all cell sorts was confirmed
to be >95%. Cells were sorted using a FACSAria Fusion and
phenotyped using a BD LSRFortessa. Flow cytometry data were
manually analyzed using FACSDiva 8.0.2 or FlowJo 10.8.1 (all
from BD Biosciences). Samples with <100 events within the ana-
lyzed gate were excluded from the analysis to ensure high-quality
data. FlowSOM and opt-SNE analysis of the median fluorescent
intensity was performed using OMIQ software from Dotmatics
(www.omiq.ai, www.dotmatics.com).

Boyden chamber migration assay

Positive selection of CD3+ T cells using magnetic beads was per-
formed prior to sorting according to the manufacturer’s proto-
col (MojoSort Human CD3 selection kit, BioLegend). For Boyden
chamber migration assays, CD4+ memory (CD4+CD8−CD45RO+)
T cells were isolated from fresh PBMC using fluorescence-

activated cell sorting. Migration assays were performed as previ-
ously described [38]. In brief, the human brain endothelial cell
(EC) line hCMEC/D3 was obtained at Tebubio (Le Parray-en-
Yvelines) and cultured in collagen-coated (rat tail, type I; Sigma-
Aldrich) culture flasks in growth medium (EGM-2 MV medium
(Lonza) supplemented with 2.5% FBS (Gibco, Thermo Fisher Sci-
entific). For migration assays, hCMEC/D3 were trypsinized and
cultured in Thincerts (24 well, translucent, 3 μm, Greiner Bio-
One) at a density of 25 × 103 cells/cm2. On day 3 and 5,
hCMEC/D3 were replenished with EBM2 medium (Lonza) sup-
plemented with 10 μg/mL gentamicin, 1 μg/mL amphotericin
B, 1 ng/mL fibroblast growth factor, 1.4 μM hydrocortisone
(all Sigma-Aldrich), and 2.5% FBS. On day 6, hCMEC/D3 were
replenished with reduced medium supplemented with 10 μg/mL
gentamicin, 1 μg/mL amphotericin B, 1 ng/mL fibroblast growth
factor (all Sigma-Aldrich), and 0.25% FBS. Cultured barriers were
left untreated (referred to hereafter as noninflamed) or treated
with TNF-α (100 ng/mL, Peprotech) for 24 h (referred to hereafter
as inflamed). Before adding the T cells, hCMEC/D3 cells grown
on the inserts were washed with reduced medium and inserts
were transferred to a new plate with fresh reduced medium.
Sorted memory CD4+ T cells (5 × 105 per insert, three inserts
per condition) were allowed to migrate for 24 h. After migra-
tion, T cells from the well (migrated) and from the insert (non-
migrated) were collected, counted, and used for flow cytometric
analyses.

Results

Proportions of blood Runx3+ and Eomes+ memory
CD4+ T cells are decreased and targeted by NTZ in MS

First, we investigated the proportions of (CD45RA−, central and
effector) memory CD4+ T cells expressing cytotoxicity-associated
transcription factors Runx3, Eomes, and T-bet in the blood of
healthy controls (HC, n = 8), treatment-naïve relapsing-remitting
MS patients (MS, n = 17) and clinically stable MS patients
treated with NTZ (NTZ-MS, n = 8). Compared with the HC
group, the percentages of Runx3+ and Eomes+, but not T-bet+

cells within the memory CD4+ T-cell pool were significantly
reduced in the MS group, which was not seen in the NTZ-MS
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Figure 1. Relative frequencies of Runx3−, Eomes−, and/or T-bet− expressing CD4+ memory T cells in MS blood and CSF. (A) Representative flow
cytometry plots of TF Runx3, Eomes, and T-bet and expression of TF Runx3, Eomes, and T-bet are measured within CD4+CD45RA− T cells (memory
CD4+ T cells) fromhealthy controls (HC,n = 8, blue dots), treatment-naive patients (MS,n = 15, green dots), andMS patients treatedwith natalizumab
(NTZ-MS, n = 8, orange dots). Data were analyzed with one-way ANOVA, post hoc Tukey. Each violin plot shows median, quartiles, and range, and
data were pooled from four independent experiments performed on thawed cells. (B) Representative flow cytometry plots (MS) and (C) cumulative
data of co-expression of Runx3+ vs. Runx3− with Eomes and T-bet within CD4+ CD45RA− Th cells from MS donors (n = 17). Data were analyzed
with two-way ANOVA, post hoc Tukey and were pooled from two independent experiments performed on thawed cells. (D) Cumulative data of
co-expression of Runx3+ with Eomes and T-bet within CD4+ CD45RA− Th cells. Data shown is from HC (n = 8, blue dots), MS, (n = 15, green dots),
and NTZ-MS (n = 8, orange dots). Data were analyzed with two-way ANOVA, post hoc Tukey. Graph shows mean ± SD, and data were pooled from
four independent experiments performed on thawed cells. (E) Percentage of CD4+ CD45RA− Runx3+ in peripheral blood (red dots) versus cerebral
spinal fluid (CSF; blue dots) from MS patients (n = 10). Data were analyzed with Wilcoxon tests. (F) Co-expression of Runx3, Eomes, and T-bet in
memory Th cells isolated from peripheral blood and CSF from MS patients (n = 10). Data were analyzed with Wilcoxon tests. Data from panels (E)
and (F) were pooled from 10 independent experiments and performed on fresh cells. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

group (Fig. 1A). Moreover, we found a significant enrichment of
Eomes or T-bet expression in Runx3+ as compared with Runx3−

memory CD4+ T cells (Fig. 1B,C). When analyzing co-expression
patterns, the proportion of Runx3+Eomes+T-bet− cells was found
to be significantly enriched in the NTZ-MS versus the MS group
(Fig. 1D). These observations suggest recruitment of these cells
to the inflamed CNS, which is inhibited by NTZ treatment. In

line with these findings, Runx3+ memory CD4+ T cells were
significantly enriched within the CSF of MS patients compared
with paired blood samples (Fig. 1E). Upon further analysis, this
enrichment was mainly driven by the Runx3+Eomes+T-bet−

subset (Fig. 1F). Our data implicate that particularly Runx3 and
Eomes co-expressing memory CD4+ T cells are recruited to the
CNS of treatment-naive MS patients.
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Ex vivo Runx3+Eomes+T-bet− memory CD4+ T cells
preferentially express GZMK and not GZMB or PRF1

Co-expression of Runx3 with Eomes and/or T-bet is associated
with the acquisition of a specific effector phenotype in mem-
ory CD4+ T cells [34]. Therefore, we determined the ex vivo
protein expression of GZMK, GZMB, and perforin (PRF1) in
relation to these transcription factors to determine if this is
indeed the case for Runx3+ memory CD4+ T cells (Fig. 2).
Unsupervised clustering of high-parameter flow cytometry data,
based on the median fluorescent intensity of the displayed mark-
ers, showed subclusters of cells with distinct expression profiles
within the circulating CD4+ Th pool of untreated MS patients.
Runx3+ clusters were associated with higher expression of GZMK,
GMZB, and/or PRF1 compared with negative clusters (Fig. 2A).
Within this subset, Runx3+T-bet+Eomes− clusters were charac-
terized by high GZMB and variable PRF1 expression, whereas
Runx3+T-bet−Eomes+ clusters showed high GZMK expression.
The Runx3 single-positive clusters showed relatively low expres-
sion of GZMK, GMZB, and PRF1. When using manual gating
to determine the percentage of cells that were considered pos-
itive for a selected marker, GZMK was indeed expressed by
Runx3+Eomes+T-bet− memory CD4+ T cells (Fig. 2B). GZMB
expression did not significantly associate with one of the tran-
scription factor profiles (Fig. 2C). PRF1 expression was highest
in Runx3+Eomes−/+T-bet+ memory CD4+ T cells (Fig. 2D). In
accordance with the enrichment of Runx3+Eomes+T-bet− cells
in the memory CD4+ T-cell pool, we found that the percent-
age of memory CD4+ T cells expressing GZMK was significantly
increased within the CSF compared with blood of treatment-
naive MS patients (Fig. 2B), whilst the expression of PRF1 and
GZMB was unchanged (Fig. 2C,D). These findings could imply
that Runx3+Eomes+T-bet− memory CD4+ T cells are preferen-
tially recruited to the CSF of MS patients by increased production
of GZMK.

The Th17.1 subset is enriched for
Runx3+Eomes+T-bet− and characterized by CCR5high

and GZMK+ cells

To gain more insight into the effector phenotype of such mem-
ory CD4+ T cells, we next explored associations between tran-
scription factor expression and chemokine receptor profiles ex vivo
in treatment-naïve MS patients (Fig. 3). Aside from the classical
Th-associated chemokine receptors (CCR6, CXCR3, and CCR4),
CCR5 expression was of special interest since it was recently
shown that CCR5high expressing memory CD4+ T cells are able
to infiltrate the CNS via GZMK-mediated trans-endothelial dia-
pedesis [40]. We found that Runx3 single-expressing memory
CD4+ T cells showed high expression of CCR6 and CCR4, whereas
CCR4 levels were reduced and CXCR3 was more upregulated
on Runx3 and Eomes co-expressing subsets (Fig. 3A–C). T-bet-
expressing subsets showed the lowest CCR6 and CCR4 levels.
When defining the expression of CCR5 as either dim or high

(Fig. 3D, left), it was found that CCR5dim cells were enriched
within Runx3+ memory CD4+ T cells that expressed T-bet either
alone or with Eomes (Fig. 3D, middle). Runx3 and Eomes but
not T-bet expression were associated with an increased per-
centage of memory CD4+ cells that displayed high levels of
CCR5 (Fig. 3D, right). Accordingly, high CCR5 levels coincided
with increased expression of GZMK, which was not seen for
GZMB and PRF1 (Fig. 3E). Collectively, these results indicate
that a Runx3+Eomes+T-bet− phenotype characterizes memory
CD4+ T cells with high levels of brain-homing markers CCR5
and GZMK.

Besides analyzing the expression levels of individual
chemokine receptors, memory CD4+ T cells can be subdi-
vided into distinct proinflammatory subsets based on CCR6,
CXCR3, and CCR4 expression patterns [13]. Using the gating
strategy as depicted in Fig. 4A, we next analyzed Runx3, Eomes,
and T-bet expression in blood Th1 (CCR6−CXCR3+CCR4−),
Th17 (CCR6+CXCR3−CCR4+), Th17 double-positive (DP;
CCR6+CXCR3+CCR4+), and Th17.1 (CCR6+CXCR3+CCR4−/dim)
cells. Th1 and Th17.1 cells exhibited the highest proportions of
Runx3+ cells (Fig. 4B). In contrast to other subsets, the Eomes+T-
bet− fraction was specifically enriched in Runx3+ Th17.1, while
this was the case for both Eomes+T-bet− and Eomes+T-bet+

fractions in Runx3+ Th1 cells (Fig. 4C). In accordance with
the earlier characteristics associated with these transcription
factor expression profiles, Th1 and Th17.1, and to a lesser extent
Th17DP cells, showed increased expression of GMZK (Fig. 4D).
Moreover, the Th1 subset was enriched for GZMB- as well as
PRF1-expressing cells. Notably, Th17.1 cells showed the highest
CCR5 expression (Fig. 4E), which was consistent with its selective
enrichment for Runx3+Eomes+T-bet− (Fig. 4C) and related
expression levels of GZMK (Fig. 3E). Taken together, our results
demonstrate that the Runx3+Eomes+T-bet−, CCR5high, and
GZMKhigh phenotype of memory CD4+ T cells mainly corresponds
to the Th17.1 subset.

Th17.1 differ from CD4+CD28− T cells and selectively
migrate across a noninflamed BBB in vitro

The acquisition of cytotoxic features in memory CD4+ T cells
is commonly associated with a loss of CD28 expression in Th1-
skewed cells [12]. Because Th17.1 cells also possess Th1-related
features, we assessed the extent to which the identified effector
phenotypes overlapped between CD4+CD28− T cells and Th17.1
cells. In our MS cohort, CD4+CD28− memory T cells (see Fig. 5A)
exhibited lower expression of CCR6, CCR4, and CXCR3 compared
with their CD28+ counterparts (Fig. 5B). Accordingly, among all
Th subsets analyzed, CD28− fractions were predominant in Th1
and hardly found in Th17.1 cells (Fig. 5C). Runx3 levels were not
significantly different between memory CD4+CD28− and CD28+

T cells (Fig. 5D). In comparison with Th17.1 (Fig. 4C), the mem-
ory CD4+CD28− population was enriched for Runx3+Eomes−T-
bet+ cells (Fig. 5E) and showed lower frequencies of CCR5high

cells (Fig. 5F). To be able to assess intracellular GZMK, GZMB,
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Figure 2. GZMK-expressingmemory CD4+ T cells are characterized by co-expression of Runx3 and Eomes, and are enriched in the CSF of treatment-
naïve MS patients. (A) Flow cytometry data of treatment-naïve MS (n = 14) were analyzed using the unsupervised automated clustering tool Flow-
SOM [39] which utilizes median fluorescence intensity of given markers to compare protein expression between cell populations. Live, single
CD3+CD8−CD45RA− cells were categorized into 10 metaclusters (mc) based on their expression of TF (Runx3, Eomes, T-bet) and cytolytic molecules
(GZMB, GZMK, PRF1). Themedian fluorescence intensity (arcsinh-transformed) of eachmarker within themetaclusters is displayed in the heatmap
(left), as well as abundance of each metacluster within the memory CD4+ T cell population (middle). Mutual phenotypic resemblance of metaclus-
ters is visualized using a dimensionality reduction approach with the opt-SNE algorithm and overlay of FlowSOM metaclusters (right). Data were
pooled from two independent experiments performed on thawed cells. (B–D) Representative flow cytometry plots (left), subpopulations based on
TF co-expression profiles expressing cytolytic molecules (MS, n = 13; middle), cytolytic molecule expression in blood versus CSF (MS, n = 10; right)
of GZMK (B), GZMB (C), PRF1 (D). Data were analyzed using the Kruskal–Wallis test, post hoc Dunn or Wilcoxon test. Figures in the middle panel
show mean ± SD with data pooled from two independent experiments performed on thawed cells. Data shown in the right panel was pooled from
10 independent experiments performed on fresh cells. Samples with <100 events within the analyzed gate were excluded from analysis to ensure
high-quality data. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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Figure 3. Runx3+ Eomes+ Tbet− CD4 T-memory cells express high CCR6, CXCR3, dim CCR4 high CCR5. (A–D) Percentage of memory CD4+ T cells
expressing CCR6 (A), CXCR3 (B), and CCR4 (C). within the previously described TF profiles. Figures show mean ± SD. Data were analyzed with a
two-way ANOVA, post hoc Tukey. (D) Representative dotplot of CCR5dim and CCR5high gating. (E) Association of CCR5 expression with either GZMK,
GZMB, or PRF1 expression. All data shown is generated from PBMCs of treatment-naïve MS patients pooled from two independent experiments
(n = 17) performed on thawed cells. Samples with <100 events within the analyzed gate were excluded from analysis to ensure high-quality data.
Data were analyzed with Friedman test, post hoc Dunn. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

and PRF1 expression in memory CD4+CD28− T cells, we used
blood samples from CMV-seropositive blood donors, allowing for
analysis of sufficient numbers of CD4+CD28− cells [41] (Fig. 5G).
GZMB and PRF1 but not GZMK were highly expressed in memory
CD4+CD28− versus CD28+ T cells (Fig. 5H), further supporting

our observation that Th17.1 and CD4+CD28− T cells are subsets
with a distinct effector phenotype.

Lastly, we explored the association of these ex vivo charac-
teristics with the ability of memory CD4+ T-cell subsets to cross
BBB-derived EC layers in vitro. We used both noninflamed (left)

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 4. The Th17.1 subset predominantly co-expresses Runx3 and Eomes and consists of high frequencies of GZMK+ and CCR5high cells. (A)
Representative dotplots of gating Th1, Th2, Th17, Th17DP, and Th17.1 subsets within the single, live CD4+CD45RA− population, using co-expression
of CCR6, CCR4, and CXCR3. (B) Expression level of Runx3 (left; expressed as percentage, right; expressed as median fluorescence intensity (MFI)
withinmemory Th subsets.Datawere analyzedwith Friedman test, post hoc Dunn.Data shownwere obtained using PBMC isolated from treatment-
naïve MS patients (n = 17) measured in two independent experiments. (C) Co-expression of Eomes and T-bet within Runx3-expressing memory
Th subsets. Data were analyzed with two-way ANOVA, post hoc Tukey. This figure shows the mean ± SD. Data shown were obtained using PBMC
isolated from treatment-naïve MS patients (n = 17) measured in two independent experiments. (D) Expression of GZMK, GZMB, and PRF1 within
memory CD4+ T subsets.Datawere analyzedwith two-wayANOVA,post hoc Tukey.Data shownwere obtained using PBMC isolated from treatment-
naïve MS patients (n = 13) measured in two independent experiments. (E) Representative dotplots of CCR5high gating in Th1, Th2, Th17, Th17DP,
and Th17.1 and quantification of percentage CCR5high within memory CD4+ T subsets. All data shown were obtained using PBMC isolated from
treatment-naïve MS patients (n = 17) measured in two independent experiments. Data shown were obtained using PBMC isolated from treatment-
naïve MS patients (n = 16) measured in two independent experiments. All data samples with <100 events within the analyzed gate were excluded
from analysis to ensure high-quality data. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. All data shown were obtained using thawed cells.

© 2023 The Authors. European Journal of Immunology published by
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Figure 5. CD4+CD28− memory cells show distinct expression of CNS homing-related transcription factors, chemokine receptors, and cytoxicity-
associated molecules. (A) Representative dotplot of gating CD28−CD45RA+/− memory CD4+ T cells within the single, live CD4+ population, in
the treatment-naïve MS cohort (n = 10; data displayed in panel B–F) and was pooled from two independent experiments. Data were analyzed
with the Friedman test, post hoc Dunn. (B) Antigen density of chemokine receptors CCR6, CCR4, CXCR3, and CCR5. Data were analyzed with
Wilcoxon tests. (C) Prevalence of CD28− cells within memory Th subsets on the surface of CD28+ and CD28− memory CD4+ T cells. Data were
analyzed with Wilcoxon test. (D) Expression of Runx3 within CD28+ and CD28− memory CD4+ T. Data were analyzed with Wilcoxon tests. (E)
Co-expression of Eomes and T-bet within Runx3-expressing CD28− memory CD4+ T Th cells. Data were analyzed with two-way ANOVA, post hoc
Tukey. This figure shows the mean ± SD. (F) CCR5 population distribution CD28− and Th17.1. All previously shown data were measured in two
independent experiments. (G) Representative dotplot of gating CD28−CD45RA+/− memory CD4+ T cells within the single, live CD4+ population, in
the cytomegalovirus (CMV)-seropositive HC cohort (n = 6; data displayed in panel G, H). Shown data are from one experiment. (H) Expression of
GZMK, GZMB, and PRF1 within CD28+ and CD28− memory CD4+ T subsets. Data were analyzed withWilcoxon tests. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001. All data shown were obtained using thawed cells.

© 2023 The Authors. European Journal of Immunology published by
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Figure 6. Different capacities of MS-associated CD4+ memory T cells to cross noninflamed and inflamed BBB in vitro. For the migration assay fresh
FACS-sorted memory CD4+ T cells isolated from HC (n = 10) were placed on top of a transwell insert with a confluent monolayer of hCMEC/d3 cells
(EC). EC were either inflamed with TNF-α for 24 h prior to migration (referred to as “inflamed”), or left untouched (referred to as “non-inflamed”),
as described previously [38]. Memory CD4+ T cells were allowed to migrate for 24 h, after which the cells present in the transwell insert and cells
in the bottom well were collected for flow cytometry analyses. Th subsets were phenotyped using the gating strategy depicted in Fig. S1; Th1 cells
were gated within the CD28+ population. (A) GZMK, GZMB, and PRF1 expression in total CD4+ memory population following in vitro migration. (B)
The phenotype distribution in memory CD4+ T cells was analyzed following in vitromigration. Data were analyzed with two-way ANOVA, post hoc
Bonferroni. Data were pooled from seven independent experiments. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

and inflamed (right) EC layers to address if preactivation of the
BBB is a determinant for their migratory capacity [42]. In CD4+

T-cell fractions that crossed noninflamed EC layers, proportions
of GZMK- and not GZMB- and PRF1-positive cells were enriched
as compared with nonmigrated fractions (Fig. 6A, left). Under
inflamed conditions, no significant enrichment of any of these
cells was found (Fig. 6A, right). In addition, when using nonin-
flamed layers, Th17.1 was the only subset to be enriched in the
migrated versus the nonmigrated fraction (Fig. 6B, left). This was
less selective and accounted for Th17.1, Th17DP, and CD28− sub-
sets when using inflamed layers (Fig. 6B, right). These data show
that Th17.1 and CD4+CD28− memory T cells not only show a dif-
ference in effector phenotype but also in their ability to migrate
through the BBB. Moreover, within the memory CD4+ T-cell pool,
GZMK-expressing Th17.1 cells may be the first in activating and
crossing a noninflamed human BBB.

Discussion

Some of the pivotal players in MS disease progression are believed
to be CNS-infiltrating memory CD4+ T cells [43, 44]. Although
Eomes-expressing migratory CD4+ T cells have been described
before in the context of progressive MS [45], it remains unknown
if and how effector phenotypes differ between subsets that have
previously been identified as pathogenic in MS, and to what
degree this amounts to the different aspects of MS pathology.
The aim of this study was to confirm and expand on this knowl-
edge by more broadly investigating the features of human mem-
ory CD4+ T cells that are prone to enter the CNS in MS and
validate their CNS-homing potential in both ex vivo and in vitro.
Here, we showed that the proportions of memory CD4+ T cells
expressing Runx3 and Eomes were decreased in the circulation
of MS patients. This finding was supported by an enrichment of

© 2023 The Authors. European Journal of Immunology published by
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Runx3+Eomes+T-bet− cells in the CSF, whereas their presence in
the circulation was restored following NTZ treatment. Further-
more, we found that co-expression of Runx3 and Eomes together
with a lack of T-bet defined memory CD4+ T cells with elevated
levels of CCR6, CXCR3, CCR5, and GZMK, an effector pheno-
type corresponding to Th17.1. This was different compared with
another MS-associated subset, defined as CD4+CD28− T cells,
which displayed a Runx3+Eomes−T-bet+ profile with intermedi-
ate expression of CCR5 as well as expression of GZMB and PRF1.
When assessing the brain-homing potential of CD4+ T-cell subsets
in vitro, Th17.1 cells were selectively capable of crossing a BBB-
derived EC layer under noninflamed conditions. Other pathogenic
subsets, including CD4+CD28− cells, showed enhanced transmi-
gration when using inflamed barriers. Hence, memory CD4+ T
cells contain small fractions with distinct effector phenotypes that
likely define their ability to enter the CNS during the MS course.

As NTZ is a monoclonal antibody against VLA-4 that traps
CNS-infiltrating T cells within the circulation [46, 47], blood sam-
ples of NTZ-treated MS patients represent an ideal and accessible
source to study the CNS-homing features of subsets during the
relapsing-remitting phase of the disease. We have previously vali-
dated this approach for brain-homing CD4+ T cells [13], CD8+ T
cells [48], and B cells [49]. Besides preventing their entry into the
CNS, NTZ treatment has also been shown to induce phenotypical
changes in memory CD4+ T cells, including acquisition of a detri-
mental effector phenotype that may at least partly be responsi-
ble for severe disease rebounds experienced by some NTZ-treated
MS patients [50, 51]. This could be an alternative explanation
for the increased percentage of circulating Runx3+ and Eomes+

memory CD4+ T cells observed in the NTZ-treated compared with
treatment-naive MS patients. However, the fact that the presence
of these subsets was not different between NTZ-MS and HC blood
and was enriched in CSF suggests that both Runx3 and Eomes
are involved in a selective CNS-homing ability of CD4+ T cells
in MS. Although proof is lacking, this may be differentially reg-
ulated during the MS course, as others have shown that CD4+ T
cells expressing Eomes are elevated in both blood and CSF of sec-
ondary progressive MS versus relapsing-remitting MS and healthy
control groups [45, 52].

Previously, it was shown that Runx3 regulates the expression
of both Eomes and T-bet in cytotoxic T cells [53]. The relative
expression levels of Eomes and T-bet are known to be impor-
tant determinants of effector phenotypes, including those of CD4+

T cells. Work by others has shown that three distinct effector
populations can be identified based on the expression of Eomes
and T-bet. In mice, Eomes+T-bet− T cells exhibited robust cyto-
toxic activity, whereas Eomes−T-bet+ counterparts were exclu-
sively Th1 with a more intermediate cytotoxic phenotype [54].
However, another study found that during in vitro differentia-
tion of human CD4+ T cells, Eomes appeared to be redundant
for the acquisition of GZMB and PRF1, whereas T-bet was nec-
essary to develop these features [34]. These types of CD4+ T
cells were found to be predominantly Th1-like, which is consis-
tent with our findings for CD4+CD28− T cells. This suggests that
following Runx3 upregulation, Eomes regulates the differentia-

tion of noncytotoxic, whereas T-bet regulates the differentiation
of cytotoxic Th1-like cells in humans. In line with this notion,
unsupervised clustering of high-parameter flow cytometry data
revealed separate subsets of circulating Runx3+ memory CD4+ T
cells co-expressing Eomes and GMZK and co-expressing T-bet and
GZMB with and without PRF1. It should be noted however that
the absolute percentage of CD4+ memory cells expressing PRF1
remains low. Overall, our results are in accordance with effector
features of cytotoxic-like CD4+ T-cell subsets described in a recent
single-ell RNA analysis study using CSF-derived immune cells of
MS patients [55].

Although this study focuses on analyzing the ex vivo effec-
tor phenotype of circulating and CSF-derived CD4+ memory T
cells at protein level, the effector functions that contribute to MS
pathology remain to be determined for the subsets described here.
Nonetheless, a previous study identified a subset of human CD4+

T cells with enhanced cytolytic potential, showing low T-bet and
high Eomes and GZMK expression [56]. Following infiltration into
the CNS, additional expression of cytotoxic molecules GMZB and
PRF1 in memory CD4+ T cells may potentially lead to oligoden-
drocyte loss and axonal injury as suggested by the co-localization
of memory CD4+ and CD8+ T cells with affected CNS-resident
cells in other studies [25, 57, 58]. In vitro killing of human oligo-
dendrocytes [29] and ECs [59] by T-cells expressing GZMB and
PRF1 further illustrate mechanisms by which these types of sub-
sets can exacerbate MS. In addition, the possibility that increased
expression of effector molecules is a transient effect mediated by
interaction with the BBB, which has been described for murine
Tregs [60, 61] and human monocytes [62], was not explored here
but poses an interesting area of research for further studies.

Runx3 and Eomes co-expressing cells were solely enriched in
Th17.1 (CCR6+CXCR3+CCR4−/dim), a memory CD4+ T cell that
is associated with MS manifestation [13]. This Runx3+Eomes+T-
bet− phenotype corresponded to high CCR5 and GZMK expres-
sion. Interestingly, GZMK has previously been described to have
a noncytotoxic intra- and extracellular role including endothelial
activation [63]. In line with this, Herich et al. [40] have shown
that human CCR5high effector memory CD4+ T cells cross the BBB
via GZMK-mediated trans-endothelial diapedesis. These CCR5high

cells use their high levels of VLA-4 to arrest scattered VCAM-1 on
the BBB. Subsequently, CCR5high cells release GZMK to upregu-
late ICAM-1 on the EC layer, which is recognized by LFA-1 on the
T cell to enable extravasation. Preferential migration of GZMK+

CD4+ T cells was confirmed in our in vitro transmigration assay.
Given our current findings on CCR5 and GZMK expression within
the Th17.1 subset and our previous findings that Th17.1 expresses
high levels of VLA-4 [13], we hypothesize that Th17.1 uses a sim-
ilar mechanism to infiltrate into the CNS in MS. This process may
be facilitated by other effector mechanisms described for the same
types of CD4+ T cells [64]. In our hands, only Th17.1 cells showed
an enhanced potential to cross a noninflamed BBB in vitro. There-
fore, due to Runx3- and mainly Eomes-induced upregulation of
GZMK and corresponding activation of the BBB, Th17.1 may rep-
resent a subset that paves the way for other immune cells to infil-
trate the CNS.

© 2023 The Authors. European Journal of Immunology published by
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Based on their ex vivo effector phenotypes, Th17.1 and
CD4+CD28− T cells represent two different subsets, albeit skew-
ing toward similar, cytotoxic-like cells under certain (local)
inflammatory conditions cannot be ruled out and is still well pos-
sible. In MS patients, memory CD4+CD28− T-cell proportions are
increased in the blood, which is associated with a faster disease
progression. Furthermore, these cells have the capacity to enter
inflammatory sites and accumulate in MS brain lesions [21, 24–
26]. Upon activation, they produce IFN-γ [65] and GM-CSF but
lack expression of IL-17 [66]. They mediate their cytotoxic poten-
tial through the expression of NK cell receptors and by directed
exocytosis of cytotoxic granules. [25, 67]. Here, we showed that
memory CD4+CD28− T cells are enriched for Runx3+Eomes−T-
bet+ subsets and confirmed that these cells expressed both GZMB
and PRF1. These cells were most similar to Th1 cells with regards
to chemokine receptor expression and exhibited an intermediate
expression of CCR5. CD4+ CD28− T cells only showed enhanced
transmigration in our in vitro assay under inflamed conditions,
which may imply that this subset depends on other cells that
interact with the BBB such as Th17.1 (see above) for their entry
into the CNS. The differences in chemokine receptor expression
on Eomes+T-bet− (Th17.1) and Eomes−T-bet+ (CD28−) memory
CD4+ T cells additionally suggest that these subsets use different
routes to enter the CNS. This is possibly explained by differen-
tial CCR6 expression, which mediates the transmigration of mem-
ory CD4+ T cells via the blood–cerebrospinal fluid barrier at the
choroid plexus [42, 68]. In our view, this should be addressed fur-
ther using in vitro models of the blood–cerebrospinal fluid barrier.
The reduced intensity of CCR6 and CXCR3 expression, coupled
with the ability to migrate across an inflamed BBB in vitro, indi-
cates that CD4+CD28− T cells use other effector molecules dur-
ing their migration process. This is in accordance with our pre-
vious findings that these cells express high levels of fractalkine
receptor (CX3CR1) and utilize this molecule to reach the inflamed
CNS [24]. A different approach in addressing functional responses
of memory CD4+ T cells in the context of MS was recently
employed by Cruciani et al. [5] who looked into the specificity
of CSF-infiltrating T cells against autoantigens implicated in MS.
In patients with autoreactive T cells, they found an enrichment of
CD27−CD28+ Th1 cells with overexpression of T-bet, Eomes, var-
ious granzymes, and IFN-γ as well as a lack of CCR6 and CCR4.
Because loss of CD27 is indicative of a precursor population of
cytotoxic CD4+ T cells [69], this may represent a subset similar
to CD4+CD28− T cells, but in a less differentiated stage. Although
their study uses an elegant approach to combine the functionality
of memory CD4+ T cells with deep immunophenotyping, it should
be noted that only 14 out of 105 MS patients showed an IFN-γ-
positive CD4+ T-cell response to different epitopes of GDP-L-FS, of
which four out of seven patients were enriched for CD27−CD28+

(Th1) cells [5]. Other work by the same group revealed that
autoreactive (RASGRP2) IFN-γ-positive memory CD4+ T cells
mainly have a CCR6+CXCR3+ phenotype, also depending on
the presence of HLA-DRB1*1501 [2]. The latter corresponds
with our earlier findings [13, 28] and current work that Th17.1

cells (CCR6+CXCR3+) are more capable of entering the CNS
in MS.

Taken together, we show here that expression of the transcrip-
tion factors Runx3, Eomes, and T-bet subdivides memory CD4+ T
cells into subsets with distinctive brain-homing phenotypes. More
specifically, Runx3 and Eomes co-expressing subsets that lack T-
bet can be defined as being predominantly Th17.1 cells with high
levels of CCR5 and GZMK. Runx3 and T-bet co-expressing sub-
sets that lack Eomes appear to be primarily Th1 (CD28−) cells,
which express GZMB and PRF1. These findings shed light on
the effector phenotype of human brain-homing CD4+ T-cell sub-
sets that are associated with MS and thereby provide a frame-
work for the identification of new and highly specific therapeutic
targets.
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