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David Laplaud ' and Nicolas Degauque **
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Background and Objectives: Inhibition ofde novo pyrimidine synthesis in proliferating T
and B lymphocytes by teriunomide, a pharmacological inhibitor of dihydroorotate
dehydrogenase (DHODH), has been shown to be an effective therapy to treat patients
with MS in placebo-controlled phase 3 trials. Nevertheless, the underlying mechanism
contributing to the ef cacy of DHODH inhibition has been only partially elucidated. Here,
we aimed to determine the impact of terunomide on the immune compartment in a
longitudinal high-dimensional follow-up of patients with relapse-remitting MS (RRMS)
treated with teri unomide.

Methods: High-dimensional spectral ow cytometry was used to analyze the phenotype
and the function of innate and adaptive immune system of patients with RRMS before and
12 months after teriunomide treatment. In addition, we assessed the impact of
teri unomide on the migration of memory CD8 T cells in patients with RRMS, and we
de ned patient immune metabolic proles.

Results: We found that 12 months of treatment with terunomide in patients with RRMS
does not affect the B cell or CD4 T cell compartments, including regulatorydg follicular
helper Tey cell and helper T cell subsets. In contrast, we observed a spect impact of
teri unomide on the CD8 T cell compartment, which was characterized by decreased
homeostatic proliferation and reduced production of TNk and IFNg. Furthermore, we
showed that DHODH inhibition also had a negative impact on the migratory velocity of
memory CD8 T cells in patients with RRMS. Finally, we showed that the susceptibility of
memory CD8 T cells to DHODH inhibition was not related to impaired metabolism.

Discussion: Overall, these ndings demonstrate that the clinical etacy of teri unomide
results partially in the spect susceptibility of memory CD8 T cells to DHODH inhibition in
patients with RRMS and strengthens active roles for these T cells in the pathophysiological
process of MS.

Keywords: multiple sclerosis, teri unomide, CD8 T cells, CD4 T cells, migration, memory T cells

Frontiers in Immunology | www.frontiersin.org 1

October 2021 | Volume 12 | Article 730342


https://www.frontiersin.org/articles/10.3389/fimmu.2021.730342/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.730342/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.730342/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:nicolas.degauque@univ-nantes.fr
https://doi.org/10.3389/fimmu.2021.730342
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.730342
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.730342&domain=pdf&date_stamp=2021-10-05

Tilly et al. Teri unomide Treatment for MS

INTRODUCTION evidence suggest a major role of CD8 T cells. Active lesions are
in Itrated mainly by CD8 T cells that are in close proximity to
The selective and reversible inhibition of dihydroorotatepligodendrocytes and demyelinating axohg (3. CD8 T cell
dehydrogenase (DHODH), a key mitochondrial enzyme in thelones are shared between CSF and active white matter lesions
de novgoyrimidine synthesis pathway, by teunomide has been (14, 15 and are also present in peripheral blodé)( Moreover,
shown to be a safe and effective strategy to treat patients withe involvement of DHODH in the key process of CD8 T cell
multiple sclerosis (MS). The results obtained from phase 3 clinicatigration has not yet been investigated, although the recirculation
trials demonstrated that patients with MS treated withof memory T cells is a central process in the establishment of the
teri unomide show a signcant reduction in disability immune response involving the localization of memory CD8
progression and relapse rate and lower magnetic resonantecells in secondary lymphoid organs and nonlymphoid tissues.
imaging evidence of disease activity £). The primary In this study, we investigated the impact of DHODH
mechanism of action explaining the success of DHODHnhibition in patients with relapse-remitting MS (RRMS)
inhibition is the suppression of stimulated T and B cellbefore and 12 months after treatment using high-dimensional
proliferation (-5) by inducing metabolic stress in metabolically ow cytometry to characterize the immune system as a whole.
proliferating lymphocytes. The addition of exogenous uridine canve demonstrated that DHODH inhibition had no impact on the
overcome the antiproliferative effect of temomide €), andthe  CD4 T compartment without any modgation in the frequency
selective effect on activated T and B cells is partially explained by CD4 T helper cells, CD4 T follicular cells or CD4 regulatory T
the activation of the salvage pathway in resting cells to meet theells or in the function of CD4 T helper and CD4 regulatory cells.
pyrimidine needs{, 8). Nevertheless, the mechanism of immuneln contrast, we showed that DHODH inhibition impacted the
system modulation induced by tednomide remains unclear, proliferation of CD8 T cells and the production of
with contradictory results reported. A decrease in only theyroin ammatory cytokines through effector memory (EM) and
frequency of CD45RAeffector memory (TEMRA) CD4 T cells TEMRA CD8 T cells and their migratory properties. Finally, we
and plasmablasts has been reported for patients with MS afterd@monstrated that the susceptibility of memory CD8 T cells to

months of treatment, while the frequency of other immune cellsbHODH inhibition was not related to impaired metabolism.

including CD8 T cells, remained similar before and after

DHODH inhibition (9). The production of proinammatory

cytokines (IFN, TNFa and IL-17) by CD4 T cells was not

modi ed after 6 months of treatmeng)( In contrast, another METHODS

study reported a sped decrease in IF TNFa and IL-17 in

both the CD4 T,1 and CD8 T cell compartmentslL(). Stan,dard, Protocol APPrOVaB’

High-af nity CD4 and CD8 T cell clones have been shownR€gistrations, and Patient Consents

to be more susceptible to DHODH inhibition, and individual Patients included in the study suffered all from relapsing-

T cell clones are eliminated from the TCRb Vepertoire of ~remitting MS as dened by the revised MacDonald criteria

patients with MS within weeks of initial tetinomide treatment Published in 2005, and the demographic and clinical

inhibition on the immune system has prompted the need toPatients were naive of any treatment at the time of

further characterize the immune system of MS patients'f,e” unomide start. The three other patients were previously

particularly with a longitudinal paired analysis and high_treated with an immunomodulatory treatment (Interferon beta,

dimensional approach. dimethyl-fumarate) that was stopped at least three months
Immunopathology of MS has been widely studied, and basegeefore Teriunomide initiation. Finally, Teriunomide was

on models of experimental autoimmune encephalomyelitis, thatarted at least 6 months after a relapse for all the patients. The

concept of MS as an autoimmune disease mediated by G4 T University Hospital Committee and the Committee for

TL17 cells spect to autoantigens of the CN$1) has emerged. the Protection of Patients from Biological Risks approved

As major attention has been given to the CD4 T celithe study (ABM PFS13-00%ollection sclese en plaqués

DHODH inhibition on CD8 T cells has not been carefully Signed consent.

investigated. Nevertheless, our results and other accumulated

Blood Samples

PBMCs were separated from blood samples collected in EDTA

e e, s oo e omvananaibes on & Fico graden ayer secordig to the manufacrer

acidi catio}1 rate; EM, ezector memory; yF|OV€SO|VDV’V cytom’etry self- fecommendations and were frozen in aumlch_)us serum with

organizing map; GLUT1, glucose transporter 1 GLUT1; MFI, meamescence 10% DMSO. PBMCs were then thawed in CTL wash

intensity; MMP, mitochondrial membrane potential; MS, multiple sclerosis; OCRSUpplemented with benzonase (10 U/mL).
oxygen consumption rate; opt-SNE, optimized t-distributed stochastic neighbor

embedding; PBMC, peripheral blood mononuclear cells; PPMS, primar

progressive; TEMRA, CD45RAffector memory; & cell, T follicular helper Reage_nts_

cell: Ty cell, T helper cell; Jee regulatory T cell; SPMS, secondary progressive;l N€ antibodies used foow cytometry analyses and key reagents

RRMS, relapse-remitting MS. are listed inSupplementary Tables &nd 2.
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TABLE 1 | Demographical and clinical characteristics of the patients at sampling.

Form of the Sex Disease duration [years, Time between last  are and Age [years, median ~ EDSS [median  Sampling Previous
disease (%) ratio median (IQR 25.750)] treatment initiation (IQR25.7506 )] (IQR25.75% )] at are treatment
[months, median (IQR 25.750)] (YIN; n) (Y/N; n)
RR 100% 5 M/ 3.00 30 39.00 0.50 13/2 12/15
10 W [0.17 — 17.00] [15—48] [31.00— 44.00] [0.00—1.25]

CD8 T Cell Isolation and FACS-Sorting of
CD8 T Cell Subsets

Metabolic Assays
After FACS sorting, puried CD8 T cell subsets were cultured

PBMCs were cultured overnight in complete RPMI mediumovernight in TexMACS buffer at 37°C and 5% CO2. The oxygen
supplemented with 10% FCS, 100 U/mL penicillin and 100 U/miconsumption rate (OCR) and extracellular acadition rate
streptomycin. CD8 T cells were pued using a human REAlease (ECAR) were measured using 421 2.5x16 puri ed CD8 T

CD8 MicroBead kit. Naive (CD45RBCR7), EM (CD45RA  cellsubsets and Seahorse XF24 or XF96 analyzers, respectively. The
CCR7) and TEMRA (CD45RACCR7) CD3'CDS8" cells were assay was performed in Seahorse XF-base medium supplemented
sorted from PBMCs by FACS (FACS Aria, BD Biosciences; thgith 10 mM glucose, 2 mM glutamine, and 1 mM pyruvate. A
purity was greater than 95%). mitochondrial stress assay was performed by successively adding
oligomycin (1.5rM), CCCP (ImM), and anti-mycin A + rotenone

(1 mM each). To assess the OCR and ECAR upon polyclonal
stimulation, PMA (50 ng/mL) and ionomycin (500 ng/mL) were
added 75after the start of the experiment. 2-DG (250 mM) was
added before stimulation with PMA-lono.

Immune Pro ling by Spectral

Flow Cytometry

Two million PBMCs were either directly stained with tiecell
panef or stimulated with PMA (50 ng/mL) and calcium
ionophore (500 ng/mL) for 3.5 h in the presence of brefeldin
(5 pg/mL) before being stained with theinctional panél (i.e.,
IL-10, IL-13, IL-17, IFig, TNFa). PBMCs were analyzed using
an Aurora 5-laser spectralow cytometer (Cytek). After

AQuanti cation of Mitochondrial and

Mitochondrial Membrane Potential (MMP)

MitoTracker green and MitoTracker red were used to quantify

L L . : .. mitochondria and to assess the MMP, respectively. PBMCs were

individual titration of each antibody, a deconvolution matrix . - . .

was set up according to Cytek recommendations. Quality Contlrolrst incubated with 100 nM MitoTracker green or MitoTracker

procedure was performed prior each data acquiéition accordinrecI for30 at 37°C and 5% CO2, and then, the cells were stained
. @sing anti-CD3, anti-CD8, r&i-CD45RA, and anti-CD28

to Cytek recommendations. A ) ) .

antibodies. The samples were immediately analyzed with an

. : . : LSRII tometer.
High-Dimensional Data Analysis of ow cytometer

Flow Cytometry Data Glucose Transporter Expression

Supervised and unsupervised (optSNE and FlowSOM) analygegMCs were stimulated overnight or not with aCD3 (2 pg/mL)
were performed on OMIQ (https://www.omiq.ai/). FC®s  and then stained using anti-CD3, anti-CD8, anti-CD45RA, anti-
were rst cleaned using FlowCutl§) and by gating on CD28 and anti-Glutl antibodies according to the manufactsirer
CD45'SingletLiveDead Non-naive CD4 T cells and non- instructions. GLUT1 expression in CD8 T cell subsets was

naive CD8 T cells were analyzed separately. optSNE analygisessed according to mearmrescence intensity (MFI).
was performed using equal amounts of samples comprising

1x10e5 non-naive CD4 T cells or 5x10e4 non-naive CD8 Activation and Proliferation

cells obtained from each FCS pool, with 1000 iterations, @D8 T cell isolation or FACS-sorted CD8 T cell subsets were
perplexity of 30, and a theta value of 0.5. For the non-naivplated in 96-U bottom plates coated with anti-CD3 mAng
CD4 T cells, the expression of the following markers wamL) and cultured for 45 days in RPMI complete medium with
measured CCR6, CXCR3, CCR4, CD161, CXCR5 and CD28-15 (10 ng/mL) or anti-CD28 mAb (2 pg/mL). Proliferation
For the non-naive CD8 T cells, the expression of the followingvas monitored using diluted cell proliferation dye eFluor450
markers was measured: CCR6, CXCR3, CCR4, CD161, CXCRHD) and assessed according to the frequency of®RBlls
and CD28. For non-naive CD8 T cells, the expression of then days 4 and 6. After culturing overnight, activation (CD25 and
following markers was measured: CD161, CD69, CXCR3, CD5ZP69) and proinammatory cytokine production (TNF and
CD45RA, CD152, CXCRS, CD137, PD-1, TIGIT, CD39, CD194FNg) of the CD8 T cell subset was determined by cytometry.
CCR7,CD49a, TIM3, CD27, LAG3, CD28, KI-67, CD25, CD127Teri unomide (100 uM), uridine (50 uM) and 2-DG (10 mM)
CD73 and CCR6. The resulting optSNE maps were fed into theere added as indicated.

FlowSOM clustering algorithmL{). For each cell subset, a new

self-organizing map (SOM) was generated using hierarchic&ell Migration Assessment Using Time

consensus clustering on the tSNE axes. For each SOM, 12 dondpse Microscopy

20 metaclusters were idergid for non-naive CD4 T cells and for TEMRA (CD45RACCR7) and EM (CD45RACCR?7)
non-naive CD8 T cells, respectively. CD3'CD8" cells obtained from MS patients were sorted by

Frontiers in Immunology | www.frontiersin.org 3 October 2021 | Volume 12 | Article 730342


https://www.omiq.ai/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Tilly et al. Teri unomide Treatment for MS

FACS and cultured overnight in complete RPMI mediumCXCR5CD4 Tgegs (Figures 1B, §. The expression of
supplemented with IL-15 (2 ng/ml). CD8 T cell subsets staineflunctional markers of CD4 degswas also not impacted by
with the cytosolic C& indicator Fura-2 AM probe (1 pg/mL for DHODH inhibition, as the expression of regulatory associated
45 min at room temperature) were seeded on a cemt molecules by CD4 dgg such as CTLA-4, LAG-3, and
monolayer of primary Human Dermal Microvascular ectonucleotidases CD39 and CD73 CR4d(20), was similar
Endothelial [HDMECs that have been previously and widelypefore and 12 months post treatmehigqure 1Q. To gain more
used as a good model for the vitro study of in ammatory insights into the T helper () and T follicular helper () CD4
responsesl@)] activated for 24 h with TN& (100 U/ml) in p- T cells, we applied global high-dimensional mapping of markers
Slide 8 wells. Terunomide (100 uM) or DMSO (negative (CCR6, CXCR3, CCR4, CXCR5, CD161 and CD28) related to
control) was added after 20 min of cell migration. CellTen, Th1, T2, THim TH17.1 TH22 The @nd cytotoxic CD4 T cells
migration was tracked by time-lapse microscopy through a 20Kdenti ed as described in a consensus pap®i.(An optimized
objective of a Leica DMI 6000B microscope equipped with-distributed stochastic eighbor embedding (opt-SNE)
MetaMorpH@ software (Molecular Devices), and 120 sequentialepresentation {2) of the data highlighted 12 major
images were captured in 20-second intervals. The migratiopopulations that were idented by FlowSOM clustering and
paths of individual cells were determined with ImageJ softwaréhe comparison of marker expressidfigure 1D). The opt-SNE
TrackMate-extras plugin and in-house scripts (R Studio), andepresentation of non-naive CD4 T cells of patients at MOO was
these data were used to calculate average migratory velodsiynilar to that of patients 12 months posttreatmeligure 15
according to the denition of Meyjering (L9 during the and was also evidenced by the analysis of the frequengy of T

observation period. and Tz CD4 T cell clustersHigure 1F. The cytokine proles
o ] (Thl, IFNg, TNFa; Th2, IL-13; |y17, IL-17; and kegs IL-10)
Statistical Analysis produced by TCBb CD4 T cells Figure 1G and the

All statistical analyses were performed using GraphPad Prismproliferation of non-naive TC&b CD4 T cells, Fy cells and
Mann-Whitney U tests, Kruskal-Wallis tests followed by Denn Tregg(% of KI-67; Figure 1H) con rmed the lack of impact of
post hoctests, and paired Wilcoxon tests were used a®HODH inhibition on the CD4 T compartment. Collectively,
appropriate; the test performed is noted in thgure legends. the longitudinal immune monitoring of patients with RRMS
All p-values are presented as exact values with * indicated sRowed that DHODH inhibition selectively impacts the CD8 T
follows: * p<0.05; ** p<0.01; *** p<0.001; and **** p<0.0001. cell compartment.

Data Availability

. Teri unomi i lly R h
The data that support thendings of this study are available from eri_unomide Spec cally educes the

the corresponding author upon reasonable request Proliferation and Immune I_:unctlon of

' CD8 T Cells in Patients With RRMS
Seven major CD8 T cell populations were examined by using the
combination of CD45RA, CD27, CCR7, and CD28 cell surface

RESULTS markers to dene naive (CD45RACD27'CCR7CD28"),
. TEMRA (CD45RACD27CCR7CD28), early-like effector
In'DEpth.CharaCtenzan_on of CD4 T Ce,” memory (CD45RACD27CCR7CD28"), effector
Subsets in Teri unomide-Treated Patients RA- [CD45RACD27CCR7CD28 (TE RA)], early memory
With RRMS Shows No Impact After [CD45RACD27'CCR7CD28" (early)], intermediate memory
DHODH Inhibition [CD45RACD27'CCR7CD28 (intermediate)], and central

Using high-dimensional ow cytometry, we investigated the memory [CD45RACD27'CCR7CD28" (CM)] (Figure 2A)
impact of DHODH inhibition in patients with RRMS before CD8 T cells [as described in a consensus pagé)].(A

and 12 months posttreatment. The clinical characteristics of theonsigni cant increase in naive CD8 T cells and a
patients are depicted ifable 1 We rst focused on major nonsigni cant decrease in early CD8 T cells were observed in
lymphocyte populationsKigure 1A). The frequencies of patients with RRMS 12 months posttreatmeig(ire 24). We
leukocytes among B lymphocytes, NK CD56 cells, JdCR then applied global high-dimensional mapping of the 27-
cells and TCBb CD4 T cells were similar before and after parameter ow cytometry data to gain more insights into non-
teri unomide treatment. Interestingly, a sigoént decrease in naiveab CD8 T cells. The opt-SNE representation of the data
TCRab CD8 T cells was observed in patients with RRMS 1highlighted 20 populations that were idergd by FlowSOM
months posttreatmentRigure 1A), resulting in an increase in clustering and the comparison of marker expressiogure 2B8).

the ratio of CD4/CD8 TCRBRb T cells Figure 1A). We then The phenotype of the 20 populations at baseline was highly
applied high-dimensionalow cytometric analysis to investigate similar to those at 12 months posttreatment, as shown by the
the CD4 T cell subsets. The CD4 T cell regulatory compartmergroximity of the 20 clusters after unsupervised clustering
was not impacted by DHODH inhibition, as shown by the (Figure 2B. The opt-SNE representation of non-naive CD8 T
similar frequency at baseline and 12 months posttreatment afells of patients at MOO was similar to that of patients at 12 months
CD4 regulatory T cells @zcs CD2%"9"CD127°%), memory  posttreatmentRigure 20 and was shown by the analysis of the
CD45RACD4 Tregs Naive CD45RACD4 Tregsand follicular  frequency of the 20 clusters of CD8 T celRigure 20).
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FIGURE 1 | CD4 and CD8 T cell changes in terunomide-treated patients with RRMS(A) Main immune cell populations in patients with RRMS at baseline (white) o
12 months post teri unomide treatment (black; n=15). The gating strategy is shown after exclusion of dead cells, doublets and CDet8ls (B cells, CD19CD3 CD56';
NK, CD56"CD19'CD3;; gdT cells, CD19CD56 CD3"TCRyd’; ab CD4 T cells, CD19CD56 CD3 TCRydCD8 CD4"; ab CD8 T cells, CD19CD56 CD3 ' TCRydCD8'CD4).
(B, C) Frequency of CD4 kegand CD4 Treg Subsets in patients with RRMS at baseline (white) or 12 months post-temomide treatment (black; n=15). The gating strategy is
shown after initial gating on CD1&D56 CD3' TCRYdCD8CD4" (Treas CD25"'CD127°; naive keos CD25""CD127°"CDA5RA’; memory Treas CD25""CD127°"CDA45RA;
Ters CD25"'CD127°“CXCRS). (D) optSNE projection of non-naiveb CD4 T cell clusters identied by FlowSOM metaclustering. optSNE projections of the expression of the
indicated proteins are shown(E) Global optSNE projection of non-naivab CD4 T cells for all participants pooled, with non-naiva CD4 T cells of patients with RRMS at MO0
and M12 post-teri unomide treatment concatenated and overlaidF) Percentage of non-naiveab CD4 T cells from each timepoint in each FlowSOM clustés) Tyl cell (IFNg,
TNRa), T2 cell (IL-4, IL-13), ke (II-10) and T;17 cell (IL-17) cytokine production by CD4 T cells in patients with RRMS at M0O (white) and M12 post-tetomide treatment
(black) after polyclonal restimulatioit) KI67 expression in non-naivab CD4 T cells, Ty cells (non-naiveab CD4 CXCRS) and CD4 Tegs (A, C, E-H) Each dot represents

a unique patient, and the median and interquartile ranges (IQRs) are shown. Sitanice was determined by unpaired Mann-Whitney U or paired Wilcoxon test. *p < 0.05.
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FIGURE 2 | Teri unomide speci cally reduces the proliferation and immune function of CD8 T cells in patients with RRNW®). Frequency of CD8 T cell subsets in
patients with RRMS at baseline (white) or 12 months post-tetinomide treatment (black; n=13). The gating strategy is shown after initial gating of COUB56"
CD3"TCRydCD8CD4 cells (TEMRA, CD45RACD27 CCR7 CD28; NAIVE, CD45RACD27'CCR7'CD28"; early-like, CD45RACD27 CCR7 CD28"; EM RA-,
CD45RACD27 CCR7CD28; early, CD45RACD27'CCR7 CD28"; intermediate, CD45RACD27'CCR7 CD28'; CM, CD45RACD27 CCR7°'CD28"). (B) optSNE
projection of non-naiveab CD8 T cell clusters identied by FlowSOM metaclustering (left) and mearuorescence intensity (MFI) as indicated (column-scaled z-
scores) for the FlowSOM cluster (rightJC) Global optSNE projection of non-naivab CD8 T cells for all participants pooled, with non-naiveb CD8 T cells of
patients with RRMS at M0O (white) and M12 post-terinomide treatment (black) concatenated and overlaid. Percentage of non-naate CD8 T cells from each
timepoint in each FlowSOM cluster(D) Tyl cell (IFN, TNFa), Tn2 cell (IL-13), kec (IL-10) and 17 cell (IL-17) cytokine production by CD8 T cells of patients with
RRMS at M0O (white) and M12 post-terunomide treatment (black) after polyclonal restimulatiofE) KI67 expression in non-naiveb CD8 T cells.(A, C-E) Each
dot represents a unique patient, and the median and interquartile ranges (IQRs) are shown. Saarice was determined by unpaired Mann-Whitney U or paired
Wilcoxon test (*p < 0.05).
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Interestingly, the secretion of the proammatory cytokines IFl  behavior Figure 3. Interestingly, the inhibition of DHODH
and TNFa produced by CD8 T cells was reduced in patients 12esulted in the immediate and prolonged arrest of the EM and
months posttreatmentRigure 2D). The impact of DHODH TEMRA CD8 T cells of patients with RRMS, as shown by the
inhibition was restricted to the production of prommmatory signi cant decrease in their average migratory velocity
cytokines by CD8 T cells, as the frequencies of IL-10 and IL-13 wefEigure 3B. Finally, we assessed whether prolongedivo
similar before and 12 months posttreatmefigtre 2D). The exposure to DHODH inhibition impacts the migratory
reduced production of proirammatory cytokines was camed in ~ properties of EM and TEMRA CD8 T cells of patients with
an analysis focused on TEMRA and EM CD8 T cell subseRRMS. A nonsignicant decrease in the migratory velocity of the
(Supplementary Figure )L Finally, a lower frequency of KI-67 EM CD8 T cells was observed in the longitudinal follow-up of
CD8 T cells was observed 12 months posttreatnfégte 28. patients with RRMS 12 months after treatmeRtglre 30,

The susceptibility of CD8 T cells of patients with RRMS to DHODHwhereas the velocity of the TEMRA CD8 T cells was not different
inhibition was conrmed in vitro, as the proliferation of EM and before and 12 months posttreatment. Taken together, these
TEMRA CD8 T cells in response to TCR and IL-15 stimulation wasesults highlight that DHODH inhibition not only impacted
blunted by teriunomide, and the inhibition of proliferation can be the immune function of CD8 T cell subsets but also limited their
reversed by added uridinBpplementary Figure @ In summary,  migratory features.

we demonstrate that DHODH inhibition in patients with RRMS

was associated with a lovienivo proliferation of CD8 T cells with  Metabolic Characterization of EM

reduced proinammatory properties 12 months after treatment. and TEMRA CD8 T Cells in Patients

) ) . _ ) With RRMS
Teri _unomide Inhibits the Migration of EM As DHODH has been shown to interfere with components of the
and TEMRA CD8 T Cells of Patients With electron transport chain, we wondered whether the high and
RRMS In Vitro selective susceptibility of CD8 T cells of patients with RRMS

We next tested the impact of DHODH inhibition on the might be linked to impaired CD8 T cell energy metabolism. In
patrolling properties of EM and TEMRA CD8 T cells of with the steady state, all CD8 T cell subsets (naive, EM and TEMRA T
RRMS, two CD8 T cell subsets in which predominant T celtells) in patients with RRMS exhibited a higher mitochondrial
clones were notable among CNS lesions, CSF, and bloocdiCD8 mass than those of HVsFigure 4A) with a higher energy
cells were foundl). The dynamic behavior of TEMRA and EM activation in mitochondria, as shown by the mitochondrial
CD8 T cells on activated endothelial cells was tracked using livexembrane potential (MMP) measured using a voltage-
cell imaging Figure 3. This dynamic model of T cell interaction dependent MitoTracker probeFigure 4B. The absence of
with the activated endothelium showed that the EM and TEMRAmitochondrial defects in CD8 T cell subsets in patients with
CD8 T cells of patients with RRMS exhibited similar patrolingRRMS was commed using a Seahorse assay. Basal respiration

FIGURE 3 | Teri unomide inhibits the migration of EM and TEMRA CD8 T cells in patients with RRM&, B) Migration of Fura-2-labeled CD8 T cell subsets of
patients with RRMS onto TNE (100 U/ml, O/N)-treated HDMEC monolayers and, as indicated, when tamomide (100 uM) was added 15after the initial
recording. Paths of individual cells were aligned to their origins at x=y£A), and the average velocityB) of CD8 T cell subsets is shown(C) Migration of Fura-2-
labeled CD8 T cell subsets of patients with RRMS at MOO (white) and at M12 (black) post-tenomide treatment onto TN (100 U/ml, O/N)-treated HDMEC
monolayers. Average velocity of CD8 T cell subsets is showfB, C) Each dot represents a unique patient, and the median and interquartile ranges (IQRs) are
shown. Signi cance was determined by unpaired Mann-Whitney U test (**p < 0.01; ***p < 0.001).
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FIGURE 4 | Metabolic characterization of CD8 T cell subsets in patients with RRM@, B) Mitochondrial load(A) and mitochondrial membrane potentia(B) of

CD8 T cell subsets of HVs and patients with RRMS assessed according to the meamorescence intensity of MitoTracker green and red, respectivel{C) Oxygen
consumption rate (OCR) of pured CD8 T cell subsets as measured by Seahorse technology before and after sequential addition of metabolic stress-inducing drugs.
(D) Expression of GLUT-1 by EM and TEMRA CD8 T cells of patients with RRMS upon overnight stimulation with plate-bound anti-@B3F) Extracellular

acidi cation rate [ECAR{E)] and OCR (F) of EM and TEMRA CD8 T cells of patients with RRMS before and after polyclonal stimulation in the absence or in the
presence of the glycolysis inhibitor 2-DG(G) Expression of activation markers (CD69 and CD25) and proammatory cytokines (TNE) in EM and TEMRA CD8 T

cells of patients with RRMS after overnight stimulation with plate-bound anti-CD3 and IL-15 in the presence of medium control or 2@GB, D-G) Each dot

represents a unique patient, and the median and interquartile ranges (IQRs) are shown. Sggmice was determined by unpaired Mann-Whitney U or paired

Wilcoxon test (*p < 0.05; **p < 0.01; ***p < 0.001)(C) Representative OCR prole from one out of 5 patients with RRMS.

was similar across the different CD8 T cell subdetute 40, The ability to rapidly switch to glycolysis-based metabolism
and as expected, the injection of oligomycin, an inhibitor of ATRupon stimulation is a hallmark of memory CD8 T celt§)( We
synthase, induced a rapid decrease in the oxygen consumptishowed that, upon stimulation, EM and TEMRA CD8 T cell
rate (Figure 40, demonstrating the mitochondrial coupling subsets of patients with RRMS exhibited medi nutrient
ef ciency. Finally, the protonophore CCCP resulted in aruptake and metabolism to satisfy their bioenergetic needs, as
increase in OCR in all CD8 T cell subsetgure 40. shown by the increase in their ability to take up glucose
Collectively, these results showed that CD8 T cell subsets @hcreased expression of glucose transporter 1 GLUTZ1;
patients with RRMS exhibited well-functioning mitochondria Figure 4D) and in the extracellular acidtation rate (ECAR,;
under steady state conditions. an indicator of glycolysistigure 4B and OCR within minutes
following polyclonal stimulationHigure 4F. As expected, the
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addition of 2-deoxyglucose (2-DG), which blocks th&t step of as shown for mouse epidermal resident memory CD8 T cells
the glycolytic pathway, prevented both the immediate and31), naive CD8 T cells can be primed for tissue residency. The
sustained increases in the ECAR while not increasing the OCs$elective alteration of CD8 T cell function reported herein
(Figures 4E, F. The impact of 2DG on glycolysis inhibition strengthens previousndings showing that CD8 T cells are
resulted in reduced activation of the EM and TEMRA CD8 T celinvolved in MS and may partially explain the therapeutic
subsets of patients with RRMS, which showed lower expressiefi cacy of teriunomide. An obvious limitation of our study is
of the early activation marker CD69 and the highrafy IL-2  the small sample size. Nevertheless, we circumvented the
receptor CD25 and lower TNR production Figure 4G. confounding factor of treatment by systematically analyzing
Collectively, these data showed the ability of EM and TEMRAhe effects of MS patient treatment through a longitudinal
CD8 T cell subsets of patients with RRMS to adapt theiapproach and by using paired analysis of samples (each patient
metabolism to engage their effector function, and therefore, thigeing his own reference control).
selective susceptibility of CD8 T cells of patients with RRMS to  Whether autoreactive T cells are recruited to the CNS remains
DHODH inhibition was not related to impaired CD8 T cell a key unanswered question. Nevertheless, in this study, we
energy metabolism. showed thatin vitro inhibition of DHODH alters the
migratory properties of CD8 T cells in patients with RRMS,
and interestingly, the velocity of CD8 T cell subsets of these
DISCUSSION patients was lower after 12 months of treatment with
teri unomide. These results suggest an additional mechanism
Teri unomide has been shown to be an effective therapy to treaf action of teriunomide by which it limits the ability of
patients with MS in placebo-controlled phase 3 trials [TEMSQnemory CD8 T cells to intrate the CSF and CNS. This
(1) and TOWER 2)]. Recently, we commed these results in limitation of migratory tness of memory CD8 T cells induced
real-life settings, and we reported that temomide and by teri unomide has been previously suggested on the basis of
dimethyl fumarate have similar clinical effectiveness after the inhibition of integrin LFA-1 avidity aftein vitro treatment
years of treatment of a large number of patients with RRMSvith teri unomide (32).
(24). The underlying mechanism contributing to the edcy of Teri unomide has been shown to induce a modest but stable
DHODH inhibition remains only partially elucidated. Here, lymphopenia in patients with MS and the meta-analysis of
using high-dimensional approaches, we demonstrate thatatients enrolled in the TEMSQ)(and TOWER ?) phase 3
patients with RRMS treated with tetinomide exhibited a clinical trials show a mean decrease in leukocyte counts of 15%
selective alteration of the CD8 T cell compartment agrom baseline 4). Previous longitudinal studies have shown a
characterized by low homeostatic proliferation of CD8 T cellsstability in the composition of the CD4 and CD8 T subsets in
low production of proinammatory cytokines by memory CD8 patients RRMS analyzed 6 months after teénomide treatment
T cells and decreased migratory velocity of memory CD8 T cell§9, 10). Our ndings conrm these results in MS patients after
Interestingly, B cell subsets and CD4 Treg, CR4, &nd  one-year of treatment with tenunomide with no signicant
CD4 T, cell subsets were not impacted by 12 months omodi cation of the frequency of the CD4/CD8 T cell subsets
teri unomide treatment. analyzed with our comprehensive spect@l cytometry panel.

It has been established that CD8 T cells play major roles in th€he current understanding of the mechanism of action of
pathogenesis of MS, as the clonal composition of T cell®ri unomide suggests that it can inhibit the proliferation of
in Itrating active lesions shows predominant CD8 T cellmetabolically active T cells, a concept that has been further
in ltration (14, 15 25-29). Expanded CD8 T cell clones have supported by the demonstration that high-aity T cells are
also been found in paired analysis of blood, cerebrospiridl more susceptible to DHODH inhibitionl(). No direct impact
(CSF) and active white matter lesiorig, (15 27). CD8 T cells on cell survival has been reported).(Based on surrogate
identi ed in white matter lesions were reported to show effectomarkers of CD4 TH cells (i.e. chemokine receptors), a
memory phenotypeslE, 27) with chronic activation (expressing preferential reduction in TH1 CD4 T cells was reported while
CD95L and granzyme B2{(), with a high frequency of the CD8 no modi cation in the other TH CD4 was observed including no
T cells expressing coinhibitory receptors (TIM3 and PRT) ¢r  impact on TH17 CD4 subsets@. In the current study and
a tissue-resident memory phenoty@®,(30). Indeed, single-cell based on the prding of cytokines production by CD4 T cells, we
RNA sequencing of cells ilirating the cerebrospinaluid (CSF)  also reported a trend in a lower secretion of EN&hd IFNg by
in patients with MS revealed that CD8 T cells were the mairCD4 T cells after terunomide treatmentFigure 13. We now
contributor of clonally expanded T cells with an activated tissuealso report that thén vivo proliferation of CD8 T cells and the
resident memory phenotyp&9), an observation in agreement production of pro-in ammatory cytokines by CD8 T cells are
with the in situ staining of CD8 T cells of white matter active lower after treatment with terunomide. The impact of
lesions reported by Machado-Santos etZl) CNS-in ltrating  teri unomide on CD8 T cells may suggest that, after
CD8 T cell clones have also been detected in the CSF and in tlreatment, MS patients may have a lower response upon viral
blood, suggesting that uncommitted CD8 memory precursor Tnfection. Nevertheless, published reports of large cohort of
cells migrate from the periphery to the CSF and the CNS, wheigatients treated with terunomide failed to demonstrate any
they acquire a tissue-resident memory phenotype. Alternativelincrease in opportunistic infections. The incidence of serious
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infections was not different between placebo-treated patients alfUTHOR CONTRIBUTIONS
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In patients with MS, CD4 T cell metabolism has been shown to

differ between patients with primary progressive MS (PPMS) and

those with secondary progressive (SPMS) M5 Naive and EM

CD4 T cells of patients with PPMS have been shown to exhibf UNDING

lower mitochondrial respiration, lower glycolytic rates and__ |
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The raw data supporting the conclusions of this article will b&upplementary Figure 1 | Hyporesponsiveness of EM and TEMRA CD8 T cells

made available by the authors, without undue reservation. of teri unomidetreated patients with RRMS. Production of IFNg and TNFa by CD8
EM and TEMRA cells of patients with RRMS at M0O (white) and at M12 (black) post-
teri unomide treatment. Each dot represents a unique patient, and the median and
interquartile ranges (IQRs) are shown. Signance was determined by paired

ETH |CS STATEM ENT Wilcoxon test (**p < 0.01).

The studies inv0|ving human participants were reviewed an@8upplementary Figure 2 | Teri unomide inhibits the proliferation of EM and

approved by the University Hospital Committee and theTEMRA CD8 T cells of patients with RRMS. Percentage of CPDeFluor450low
after stimulation of CD8 T cells of patients with RRMS with plate-bound anti-CD3

Committee for the Protection of Patients from BIO|OgI0a| RISksand IL15 in the presence of medium control or terinomide (100 uM) and, when

The patientS/partiCipants provided their written informed indicated, uridine (50 pM). Each dot represents a unique patient, and the median is
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