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Abstract
Background and Objectives
Fingolimod, an oral therapy for MS, decreases expression of membrane S1P1 receptors on CD4+

memory cells, causing their retention and deactivation in lymph nodes. We determined fingolimod
effects on the number and proportion of potentially CNS-damaging CD8+CD28+ cytolytic
T lymphocyte cells (CTLs) and onMS-depleted and dysfunctional CD8+CD28− anti-inflammatory
suppressor/regulatory T cells (Treg) and on CD8+ T-cell expression of the CD69 activation/lymph
node retention protein in MS.

Methods
CD8,CD28, CD4, andCD69 expression on peripheral bloodmononuclear cells wasmeasuredwith
flow cytometry. In vitro concanavalin A (ConA) activation of T cells, including CD8+CD28− cells,
was used to mimic inflammation.

Results
Fifty-nine patients with MS, 35 therapy-naive (16 clinically stable; 19 exacerbating) and 24
fingolimod-treated (19 clinically stable; 5 exacerbating), and 26 matched healthy controls (HCs)
were compared. In therapy-naive patients, the CD8+Treg percent of total lymphocytes was only 1/4
ofHC levels. In fingolimod-treated patients, however, CD8+Treg percentages rose to 2.5-fold higher
than inHCand 10-fold higher than in therapy-naiveMS.With fingolimod therapy, in contrast, CD8+

CTL levels were less than half of levels in HCs and therapy-naive patients. In HCs and all MS,
activation with ConA strongly induced CD69 expression on CD4+ cells and induced 3-fold higher
CD69 levels on CD8+ CTL than on CD8+ Treg. Fingolimod and analogs in vitro did not
modify lymphocyte CD69 expression. Lower levels of CD69 onCD8+Treg than onCTLmay allow
easier Treg egress from lymph nodes and enhance control of peripheral inflammation. In vitro
activation reduced the already low CD8+ Treg population in therapy-naive MS, but only slightly
altered Treg levels in fingolimod-treated MS.

Discussion
Fingolimod therapy markedly increases the percentage of CD8+ Treg in MS, reversing the low
CD8+ Treg:CTL ratio seen in untreated MS. The increase in immune regulatory cells has
potential therapeutic benefit in MS. Activation in vitro depletes CD8+CD28+CTL in patients
withMS; the loss is more pronounced in older patients withMS. This suggests that inflammation
can disrupt the tenuous immune regulation in MS, especially in older patients.
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MS is a demyelinating disease of the CNS, with immune dys-
regulation in peripheral blood mononuclear cells (PBMC).1 In
healthy controls (HCs), CD8+ regulatory T cells (Treg) are
10% of lymphocytes but in autoimmune disorders, CD8 Treg
are reduced in number and also have weak anti-inflammatory
function, leading to immune dysregulation. These autoimmune
disorders include murine models of inflammatory bowel dis-
ease and MS (experimental autoimmune encephalomyelitis)2,3

and human systemic lupus erythematosus and MS itself.4-6

The CD28 costimulatory molecule can differentiate CD8+ cyto-
lytic T lymphocyte (CTL) from CD8+ Treg. In total, 50% of
human CD8+ T cells are antiviral/antitumor CD8+CD28+ CTL
and 50% are immunoregulatory CD8+CD28− cells (Treg, T sup-
pressor cells).7,8 Human CD8+ Treg have powerful immune
suppressive function. InHCs, suppressionof proliferationbyCD8+

cells is 2.2-fold more potent than by CD4+ cells and is 2.4-fold
more potent than suppression by enriched CD4+CD25+ Treg.6,9

CD8+ Treg numbers are subnormal in relapsing and progressing
patients with MS.5,6,10-13 By contrast, CD8+ CTL numbers are
normal in MS.9,10,12 In parallel, CNS lesions of MS contain few
CD8+ Treg but high numbers of potentially destructive CD8+

CTL.14,15 CD8+ Treg numbers in vivo, and their function in
vitro, decrease in therapy-naive MS during exacerbations and
progression, but CD8+ Treg numbers and function rebound
above normal during remission.5,16

Decreased function of CD8+CD28− cells parallels their decreased
numbers in MS. We and others have shown reduced function of
peripheral CD8+CD28−Treg in patients withMS compared with
HCs, based on concanavalin A (ConA)–activated and CNS
antigen-specific suppressor assays.12,17,18

Fingolimod (FTY720) is a potent immunotherapy for relaps-
ing forms of MS. It prevents migration of educated and
activated lymphocytes out of lymph nodes and other immune
organs to target in the periphery. Lymphocytes express sphin-
gosine 1-phosphate receptors (S1PR), guiding them to traffic
along S1P1 gradients from lymph node to target tissues. During
FTY720 therapy, sphingosine kinase phosphorylates fingoli-
mod. FTY-phosphate (FTY-P) then downmodulates S1P1R
on lymphocytes and prevents 75% of lymphocytes from leaving
the thymus, spleen, and lymph nodes.19,20 Fingolimod therapy
reduces peripheral CD4+ central memory and naive T cells and
total CD4+ cells by 60%–88%.21,22 Reduced thymic emigrants

and lymphopenia precipitate peripheral expansion of CD4+

Treg. These Treg have less rigorous tolerance of self-antigens
than Treg generated in the thymus. CD8+ cells are less affected.
FTY-P inhibits migration of only 45% of CD8+ cells, increasing
the CD8/CD4 T-cell ratio in blood. Inflammation and type I
interferons induce CD69, a second immune cell retention
protein.23 CD69 on monocytes allows these inflammatory cells
to secrete S1P in lymph nodes. Secreted S1P reduces S1P1
expression on T cells and inhibits their chemotaxis out of lymph
nodes.20,23-25 Effects of fingolimod on CD8+ regulatory cells
and CD69 expression are not well-described.

We investigated the effects of fingolimod therapy on circu-
lating numbers of CD8+CD28− Treg and CD8+CD28+ CTL,
and expression of CD69 on these CD8+ subpopulations,
through multiparameter flow cytometry. We also determined
the effects of fingolimod on ConA-activated CD4+ and CD8+

T cells from HCs and stable, exacerbating, and therapy-naive
patients with MS.

Methods
Study Population
Fifty-nine patients with MS included 35 therapy-naive (16
clinically stable; 19 exacerbating) and 24 fingolimod-treated
(19 clinically stable; 5 exacerbating), who were examined at
the 6-month intervals in the University of Chicago Neurology
Comprehensive MS Center (Table 1). The low number of
treated patients with exacerbations is due to the clinical
effect of daily 0.5 mg oral fingolimod—on therapy, attacks
are 54% fewer and less severe.26 HCs were age and sex-
matched.

Standard Protocol Approvals, Registrations,
and Patient Consents
All subjects signed University of Chicago IRB-approved in-
formed consents.

In Vitro Treatment of PBMC
Blood was drawn in the morning and then rapidly processed.
PBMCs were isolated on density gradients (Lympholyte, Cer-
darlane, Burlington,NC).27 For activation, PBMCswere incubated
with 5 ug/mL ConA in AIM-V serum-free media for 0, 20, and
48 hours in the presence of 100 ng/mL of fingolimod,
FTY-phosphate (FTY-P, S1P expression antagonist), and FTY

Glossary
B = Black/African ancestry; ConA = Concanavalin A mitogen; CTL = Cytolytic T lymphocyte; DNS = Data not shown;
EDSS = Extended disability scale score of Kurtzke; F = Female; FTY = Fingolimod/FTY720; FTY-p = FTY-phosphate;H =
Hispanic; HC = healthy control; I = Indian/South Asian;M = Male;MFI = Median fluorescence intensity;MS-a = Active/
exacerbating MS; MS-s = Clinically stable MS; N = Number; NA = Not applicable; NS = Not significant; O = Other (East
Asian ancestry); PBMC = Peripheral blood mononuclear cell; PPMS = Progressive forms of MS; RRMS = Stable relapsing/
remitting MS; Rx = Treatment; S1PR = Sphingosine 1-phosphate receptor; SEM = Standard error of the mean; SPMS =
Secondary Progressive form of MS; Treg = Regulatory T cell; W = White/Caucasian.
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AAL-R (2-amino-4-(4-heptyloxyphenyl)-2-methylbutanol, a S1P
agonist with rapid phosphorylation and activation; positive
control for FTY720, Novartis, Cambridge, MA). These con-
centrations were not toxic to lymphocytes. Serum-freemedia was
used to model lymph node conditions with low S1P concen-
trations. Serum contains S1P, which negates the effect of in vitro
fingolimod (V Brinkmann, personal communication, September
20, 2010). ConAwas used to activate lymphocytes, including the
CD8+CD28− subset. Anti-CD3 and anti-CD28 antibodies are
commonly used to activate lymphocytes but provide only partial
stimulation of the important CD8+CD28− cell subpopulation. In
preliminary experiments, activation with PMA/ionomycin gen-
erated similar but more variable results than ConA and therefore
was not used.

The bioactivity of fingolimod and the AAL-R analog was
analyzed in Sprague-Dawley rats (250–300 g). Both com-
pounds dose-dependently decreased immune cells in
rat blood (eFigure 1, links.lww.com/NXI/A787). Lower
doses of AAL-R and fingolimod (0.1 mg/kg) decreased total
white blood cells (59% and 31%, respectively)
and lymphocyte counts (76% and 33%), with recovery after
day 1 (eFigure 1, A and B). Higher doses of AAL-R (0.3 mg/
kg) and fingolimod (0.5 mg/kg) caused rapid drops in total
white blood cells (60% and 77%, respectively) and lympho-
cyte counts (82% and 85%) that were sustained below base-
line levels through day 7 (eFigure 1, C and D).

Flow Cytometry
PBMCs were FcR-blocked with 10% normal goat serum
(Life Technologies, Gaithersburg, MD), then stained with
antibodies CD4-APC-H7 (clone RPA-T4), CD8-APC-H7
(SK1), CD28-APC (CD28.2, all BD Biosciences, Franklin
Lakes, NJ), and CD56-PE-Cy7 (HCD56, BioLegend, San
Diego, CA) for lineage analysis, and CD69-PerCP-Cy5.5

(clone FN50, BD Biosciences), an activation marker. Cell
death was measured with trypan blue exclusion and apo-
ptosis with Apotracker (BioLegend).

Lymphocytes were gated using FSC and SSC using
LSRFortessa 4–15 or 4–15 HTS flow cytometers (BD
Biosciences) (eFigure 2, links.lww.com/NXI/A787).
A total of 10,000 lymphocytes were run for each condition,
so absolute numbers parallel percentages within
the lymphocyte population. Lymphocyte subset frequency,
median fluorescence intensity (MFI), and multiparameter
compensation values were calculated with FlowJo soft-
ware.28 Clinical laboratory testing quantitated total white
blood cells and absolute lymphocyte count, which paralleled
flow cytometry classified lymphocytes.

Statistical Analysis
Differences between groups were measured with appropriate
paired and unpaired 2-tailed t tests. CD8+CD28− Treg,
CD8+CD28+ CTL, and CD4+ subsets were expressed as per-
cent of 10,000 total lymphocytes in each condition, given as
mean ± SEM. Surface markers and immunologic responses did
not differ between SPMS, PPMS, and RRMS; these groups
were combined, andMS groups were defined as clinically stable
or exacerbating.

Age was dichotomized by defining values below themedian age
of each group as young and values above the median age as old
(Table 1). Average Extended Disability Scale Scores (EDSS) of
older patients were 1–1.5 points higher than younger in
therapy-naive and in fingolimod-treated conditions.

Data Availability
Anonymized data, per reasonable request, will be shared with
qualified investigators by the corresponding author.

Table Subject Demographics

HC (n = 26) No Rx MS-s (n = 16) No Rx MS-a (n = 19) FTY720 MS-s (n = 19) FTY720 MS-a (n = 5)

Disease type (n) NA RRMS (16) RRMS (6) SPMS (8) PPMS (5) RRMS (18) SPMS (1) RRMS (3) SPMS (2)

Mean age 46.0 ± 3.6 47.8 ± 4.2 52.7 ± 3.0 47.2 ± 2.4 39.4 ± 6.3

Median age 51 48 50 50 37

(Young: old) (13:13) (8:8) (9:10) (9:10) (3:2)

Sex 13M, 13F 4M, 12F 5M, 14F 2M, 17F 5F

Race 23W, 3O 9W, 6B, 1I 15W, 3B, 1H 13W, 4B, 2H 3W, 1B, 1H

EDSS 0 2.86 ± 0.45+ 4.97 ± 0.46++ 3.32 ± 0.56+ 5.5 ± 0.52++

MS duration NA 10.83 ± 2.25 16.34 ± 3.20 14.30 ± 2.67 10.24 ± 3.51

Therapy duration NA NA NA 3.29 ± 0.81 3.50 ± 1.60

Abbreviations: B = Black/African ancestry; F = Female; FTY = Fingolimod/FTY720; H = Hispanic; HC = Healthy control; I = Indian/South Asian; M = Male; MS-a =
Active/exacerbating MS; MS-s = clinically stable MS; N = Number; NA = Not applicable; O = Other (East Asian ancestry); PPMS = Progressive forms of MS;
RRMS = Stable relapsing/remitting MS; Rx = treatment; SPMS = Secondary progressive form of MS; W = White/Caucasian.
Age,MSduration, and therapy duration are in years. Young:old dichotomy is based onmedian age. Values areMean ± SEM (Standard error of themean). EDSS
scores were not significantly different between treated or therapy-naive stable (+) and exacerbating (++) MS subgroups.
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Results
Fingolimod Therapy Elevates CD8+CD282 Treg
Numbers and Decreases CD8+CD28+ CTL in
Peripheral Blood
CD8+CD28− Treg percentages in HCs were 8.30 ± 1.95%
(percent of total lymphocytes) but in therapy-naive stable pa-
tients with MS were only 3.68 ± 0.87% (p < 0.05 vs HC) and
were even lower during MS exacerbations (1.47 ± 0.35%, p <
0.01 vs HC) (Figure 1A). Fingolimod treatment in stable MS
elevated Treg (17.69 ± 3.10%) to above the percentage in HCs
(p < 0.01) or in therapy-naive stable MS (p < 0.0003) and
maintained the increase in exacerbating MS (6.52 ± 1.3%). The
percent of Treg in the lymphocyte population increased 5-fold

(p < 0.002) in fingolimod-treated stable MS and 4-fold (p <
0.00004) in fingolimod-treated exacerbating MS compared with
therapy-naive MS. Absolute counts, based on peripheral blood
differential counts, remove the effect of the therapy-induced
drop in CD4+ cells and CD8+CD28+ CTL. In a smaller cohort,
the increase in absolute Treg counts within blood lymphocytes
of fingolimod-treated stable patients was not statistically signif-
icant (Figure 2A). CD8+CD28−Treg in therapy-naive stableMS
were 60 cells/μL of blood and in fingolimod-treated stable MS
were 83 cells/μL; CD8+CD28− Treg in therapy-naive active
MS were 58 cells/μL and in fingolimod-treated active MS with
25 cells/μL (both comparisonsNS). The relative change in Treg
compared with CD8+CD28+ CTL, and Treg to CTL ratios,
were therefore investigated.

Figure 1 Fingolimod Therapy Elevates Subnormal CD8+CD28− Treg in Therapy-Naive MS to Above HC Levels

(A) CD8+CD28− Treg as percent of lymphocytes were lower in
therapy-naive stable patients with MS (3.68 ± 0.87%: p = 0.04)
than in HCs (8.30 ± 1.95%) and even lower in therapy-naive
exacerbating MS (1.47 ± 0.35%: p = 0.001 vs HC). Fingolimod
therapy increased Treg to supranormal levels in stable MS
(17.69 ± 3.10%: p = 0.002 vs therapy-naive stable) and main-
tained Treg at normal levels during attacks (6.52 ± 1.30%: p =
0.00004). (B) CD8+CD28+ CTL as percent of lymphocytes was
greater in therapy-naive stable MS (14.06 ± 1.76%) than in fin-
golimod-treated stable patients (5.57 ± 1.20%: p = 0.0003).
Similarly, CTLs were 12.27 ± 1.00% in therapy-naive exacer-
bating patients and only 5.34 ± 0.54% in fingolimod-treated
exacerbating patients (p = 0.001). CTLs in HCs (11.33 ± 1.64%)
werewithin the rangeof the therapy-naive stableandactiveMS
groups. (C) Compared with HCs, the CD8+ Treg:CTL ratio was
low in therapy-naive stableMS (ratio = 0.29; 0.35x of HC = 0.83)
and in exacerbating patients (ratio = 0.12, 0.16x of HC). The
subnormal CD8+ Treg:CTL ratio was dramatically reversed by
fingolimod in stable MS (ratio = 6.52, 7.86x of HC) and in ex-
acerbating MS (ratio = 1.31, 1.58x of HC). Flow cytometry of
lymphocyte subsets. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
Abbreviations: CTL = Cytolytic T lymphocyte; HC = healthy
control; Treg = regulatory T cell.
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CD8+CD28+ CTL percentages in blood were higher in stable
therapy-naive MS (14.06 ± 1.76%, percent of lymphocytes) than
in stable fingolimod-treated patients (5.57 ± 1.20%, p < 0.0003)
(Figure 1B). During exacerbations, these CTLs were 12.27 ±
1.00% in therapy-naiveMS, but fell to 5.34 ± 0.54% in fingolimod-
treated patients (p < 0.001). The CTL percentage differed
between HCs (11.3 ± 1.64%) and fingolimod-treated MS groups
(stable MS, 5.57 ± 1.20%, p < 0.0003; exacerbating MS, 5.34 ±
0.54%, p = 0.05). The absolute CD8+CD28+ CTL number also
markedly decreased with fingolimod therapy (Figure 2A).
Therapy-naive stable MS (303 cells/μL of blood) had more CTL
than fingolimod-treated stable MS (28 cells/μL; p < 0.00005), as
did therapy-naive exacerbatingMS (323 cells/μL) compared with
fingolimod-treated exacerbating MS (18 cells/μL, p < 0.01).

The ratio of CD8 regulatory to cytolytic cells in blood affects
inflammation inMS.5,6,10-13 The CD8+CD28−/+ Treg:CTL ratio
was low in therapy-naive stable MS (ratio = 0.29; 0.35x of the
level in HCs, where the ratio was 0.83) (Figure 1C) and in
exacerbating patients compared with HCs (ratio = 0.12, 0.16x of
HC). Fingolimod therapy in therapy-naive stable MS dramati-
cally reversed the subnormal Treg:CTL ratio (6.52, 7.86x ofHC)
and in exacerbating MS (1.31, 1.58x of HC). The Treg:CTL
ratio derived from absolute counts followed the same pattern
(Figure 2B). The increased Treg:CTL ratio with fingolimod
therapy mirrors the lesser sequestration of CD4+CD25+ Treg
than Th1 cells in mice receiving fingolimod.19,20 Thus, the CD8+

CD28−/+ Treg:CTL ratio, which may reflect the balance of
immune control vs CNS destruction in MS, is low in therapy-
naive stable MS and even lower during exacerbations. During
fingolimod treatment, the CD8+ CD28−/+ Treg:CTL ratio rises
to supranormal, with CD8+CD28− Treg dominating the CD8+

population.

ConA Activation Increases CD69 Expression on
CD4+ T Cells and on CD8+CD28+ CTL More Than
on CD8+CD282 Treg in HCs and Therapy-
Naive RRMS
As amodel for inflammation, PBMCswere activated with ConA,
which targets not only CD28+ cells but also CD28− cells. ConA
activates CD8+ Treg, unlike commonly used anti-CD3 plus anti-
CD28 stimulation, which cannotmaximally activate CD28− cells.
In resting MNC, only 0.02–4% of CD8+ cells were CD69+ and
CD69 expression was low (eFigure 3, links.lww.com/NXI/
A787, unstimulated (A) compared with activated (B) and (C)
and (D) compared with (E) and (F)). On ConA activation,
approximately 60% of CD4+ cells and 10–15% of CD8+ cells
become CD69+ in RRMS and in HCs. The percentage of
CD4+CD69+ cells was 15- to 30-fold greater than CD4+CD69−

cells, and the percentage of CD8+CD69+ cells was 2- to 10-fold
greater than CD8+CD69− cells. The MFI of membrane CD69
expression was 4–5 times more on CD8+ CTL than on CD8+

Treg (Figure 3). Addition of the S1P1 modulators, fingolimod,
AAL-R, and FTY-P to resting cells ± ConA did not affect the

Figure 2 Fingolimod Therapy Decreases the Absolute Number of CD8+CD28+ CTL but Increases CD8+CD28− Treg In Vivo

(A) Absolute Treg numbers were 60 cells per microliter (μL) of
blood in therapy-naive stable patients with MS (MS-s) and 83
cells/uL in stable fingolimod-treatedpatients (NS), but fell to 25
cells/μL with exacerbations (MS-a). Absolute CD8+ CTL counts
decreased from 303 cells/μL blood in therapy-naive stable MS
to 28 cells/μL in fingolimod-treated stable patients (p =
0.00005) and from 323 cells/uL in therapy-naive exacerbating
MS to 18 cells/uL in fingolimod-treated exacerbating patients
(p = 0.01). Absolute numbers were obtained by measuring the
Treg:CTL as a % of the lymphocytes from flow cytometry and
multiplying this percent by the absolute lymphocyte counts
obtained from clinic visits. (B) The ratio of CD8+ Treg to CD8+

CTL is low in therapy-naive MS (therapy-naive stable MS = 0.4
and therapy-naive activeMS = 0.3) but is increased 16.8-fold in
fingolimod-treated stable patients and 16.7-fold in fingolimod-
treated active patients.; = 0.06, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤
0.001. Abbreviations: CTL = Cytolytic T lymphocyte; Treg =
regulatory T cell.
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number of CD69+ cells, CD69 expression, or theCD8+CD28−/+

Treg:CTL ratio in HCs or therapy-naive stable or exacerbating
MS (Figure 3). Activation-induced expression of CD69 on
cultured lymphocytes, with CD69 onCD4+ cells >CD8+CTL>
CD8+Treg, paralleled fingolimod’s reduction of these circulating
subsets.21,22

Activated CD8+CD69+ cells were largely CD8+CD28+ CTL,
especially in therapy-naive, exacerbating patients with MS
(97.5%) compared with HCs (83%) (Figure 3). These exac-
erbating patients had many fewer CD8+CD28− Treg (2.5%)
than HCs (17%) across all in vitro FTY720 conditions. We
therefore investigated the effect of in vitro activation on CD8
Treg numbers.

In Vitro Immune Activation Depletes
CD8+CD282 Treg
In unstimulatedHCPBMCs, the percentage ofCD8+CD28−Treg
(9.12 ± 2.19%, as percent of total lymphocytes in media control)
was more numerous than in therapy-naive stable MS (2.89 ±
0.98%, p < 0.04) or in exacerbating MS (1.25 ± 0.17%, p < 0.003)
(Figure 4A). By contrast, there were more Treg in unstimulated

PBMCs from fingolimod-treated stable patients (17.69 ± 3.10%)
than in therapy-naive stableMS (2.89 ± 0.98%, p< 0.01) andmore
Treg in fingolimod-treated active patients (6.52 ± 1.31%) than in
therapy-naive exacerbating MS (1.25 ± 0.17%, p < 0.01)
(Figure 1A). Treg in all fingolimod-treated MS (14.78 ± 3.72%)
were at least as numerous as in HCs (9.12 ± 2.19%) (Figure 4A).
The percentage of CD8+CD28+ CTL was equivalent between
HCs (10.16 ± 1.11%) and stable (11.97 ± 1.7%) and active (12.3 ±
1.19%) therapy-naiveMS(Figure 4B).However,CTLpercentages
tended to decrease in fingolimod-treated patients (5.57 ± 2.15%)
compared with HCs (p = 0.06).

ConA activation of HC lymphocytes slightly decreased the
percent of CD8+CD28− Treg by 25.7%, from 9.12 ± 2.19% in
unstimulated cells to 6.78 ± 1.84% (p < 0.05) (Figure 4A).
Activation in vitro in therapy-naive exacerbating MS reduced
the already low Treg population by 35.2%, from 1.25 ± 0.17%
to 0.81 ± 0.20% (p = 0.05), and reducedCD8+ Treg in therapy-
naive stable MS by 25.3%, from 2.89 ± 0.98% to 2.16 ± 0.93%.
Activation of PBMCs from fingolimod-treated patients reduced
Treg by 41.9%, from 14.78 ± 3.72% unstimulated down to
8.64 ± 2.29% after ConA (p < 0.05), but above levels in

Figure 3 ConA Activation Increases CD69 Expression on CD8+CD28+ CTL More Than on CD8+CD28− Treg in HCs and
Therapy-Naive RRMS

(A) After ConA activation of HC PBMCs, the median fluorescence intensity of CD69 expression on CD8+CD28+ CTL was 4–5-fold more than on CD8+CD28− Treg,
across all conditions: media control, fingolimod, the FTY720 agonists, AAL-R, and FTY-P. (B) After ConA activation of therapy-naive, exacerbating RRMS (MS-a)
PBMCs, CD69 expressiononCTL andTreg inacrossall conditionswas similar to activatedHCcells.However, ConAactivationdecreased thenumberof CD8+CD28−

Treg inMS comparedwithHCs. In unstimulated lymphocytes, CD69 expression on CD8+CD28 ± cells wasminimal across all conditions and groups (0.2–4%; data
not shown). Representative figure of 17 experiments with stable and active MS, see Supplemental eFigure 2 (links.lww.com/NXI/A787) for gating procedure. All
CD28 ± cells are CD8+ and CD69+. Abbreviations: ConA = concanavalin Amitogen; CTL = Cytolytic T lymphocyte; HC = healthy control; PBMC = peripheral blood
mononuclear cell; FTY-p = FTY-phosphate; Treg = regulatory T cell.
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therapy-naive MS (Figure 4A). Activation-induced cell death
was due to apoptosis across all groups (APO tracker flow
cytometry, DNS).

In vitro activation did not significantly reduce the percentage of
CD8+CD28+ CTL (Figure 4B, blue vs orange). The absolute
number of CD8+CD28−Treg and CD8+CD28+ CTL paralleled
the change in percentages (eFigures 4A and B, links.lww.com/
NXI/A787). The increase in Treg and the decline in number of
CTL after fingolimod therapy are reflected in the highTreg:CTL
ratio (Figure e4C). Thus, the activation in vitro depletes
CD8+CD28+ CTL in all patients with MS; the loss is more
pronounced in older patients with MS.

Age and Multiple Sclerosis Affect the Increase
in CD8+CD282 Treg by Fingolimod Therapy
Aging affects immunity and could affect immune subsets in MS.
In healthy older subjects (older than 51 years, based on median
age), the percentage of CD8+CD28− Treg in the lymphocyte
population was 2.5-fold higher (11.2 ± 2.8%) than in younger
HCs (4.47 ± 1.67%, p = 0.08) (Figure 5A). In older HCs,
however, the percentage of CD8+CD28+ CTL (9.05 ± 1.06%)
was 0.64-fold lower than in youngerHCs (14.4 ± 3.3%; p= 0.10)
(Figure 5B). Young HCs had a 1:3 CD8+ Treg:CTL ratio. In
older HCs, however, the Treg:CTL ratio reversed and rose to

1.2:1. This parallels normal age-dependent increases in
CD8+CD28− Treg and decreases in CD8+CD28+ CTL.29,30

In therapy-naive MS, CD8+CD28− Treg did not increase with
age, unlike in HCs (young MS, younger than 50 years = 2.85 ±
0.78%; older MS = 2.53 ± 0.67%, NS) (Figure 5A). With fin-
golimod treatment, however, Treg levels rose markedly in young
and in old. Young fingolimod-treated patients (younger than 50
years) had a 5.8-fold increase in Treg compared with therapy-
naive MS (16.5 ± 4.3%), and older fingolimod-treated patients
had a 5.6-fold increase (14.2 ± 3.3%). Young therapy-naive pa-
tients with MS had more CD8+CD28+ CTL (15.2 ± 1.5% of
total lymphocytes) than CD8+ Treg (2.85 ± 0.78%, p < 0.01),
with a Treg:CTL ratio of 1:5.3 (Figure 5B). The Treg:CTL ratio
was 3.3:1 in young and 2.35:1 in older fingolimod-treated pa-
tients with MS. Thus, fingolimod increased the low percent of
Treg in MS and prevented the age-associated loss of CD8+ Treg
otherwise seen in older patients with MS.

Activation hadminimal effect on the percentage of CD8+CD28−

Treg in HCs, but activation depleted Treg in young and old,
therapy-naive, and fingolimod-treated MS. High levels of Treg
during fingolimod treatment were halved by in vitro activation
compared with unstimulated media controls, but remained
higher than in activated therapy-naive MS lymphocytes. After

Figure 4 In Vitro Immune Activation Depletes CD8+CD28− Treg

(A) The percentage of CD8+CD28− Treg in resting
PBMCs was lower in therapy-naive patients with MS
than in HCs (HC vs stable MS [MS-s], p = 0.04; HC vs
exacerbating MS [MS-a], p = 0.003, unpaired t tests).
Fingolimod-treated patients had higher Treg levels
than therapy-naive MS (MS-s, p = 0.01; MS-a, p =
0.001), equivalent to levels in HCs. ConA activation
decreased the percent of Treg in HCs (p = 0.05 vs
resting/media controls; paired t tests). Activation
tended to reduce the already low Treg population in
therapy-naive stable (p < 0.11) and significantly re-
duced thepercentageof Treg in exacerbatingMS (p=
0.05). After activation, fingolimod-treated MS Treg
levels drop (p = 0.04) to levels of HCs. (B) The per-
centage of CD8+CD28+ CTL in resting PBMCs tended
to be lower in fingolimod-treated patients than in
HCs (p = 0.06). ConA activation in fingolimod-treated
patients further decreased CTL levels (p = 0.00005 vs
activated HCs cells). ConA-activated PBMCs from
therapy-naive stable MS and active MS had greater
CTL levels than fingolimod-treatedpatients (p= 0.001
stable and p = 0.00003 active patients). The trend for
a fall in CTLs after ConA activation in fingolimod-
treated MS was nonsignificant. ; = 0.06, * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001. Abbreviations: ConA =
concanavalin A mitogen; CTL = Cytolytic T lympho-
cyte; HC = healthy control; PBMC = peripheral blood
mononuclear cell; Treg = regulatory T cell.
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activation with ConA, CD8+CD28+ CTL levels did not change
in HCs or therapy-naive MS (Figure 5B). However, during
fingolimod therapy, in vitro activation tended to decrease
CD8+ CTL in young and old patients, indicating greater sus-
ceptibility to inflammation-induced death in CTL than in Treg
during fingolimod therapy. The absolute number of Treg and
CTL paralleled the change in percentages (eFigure 5, A and B,
links.lww.com/NXI/A787). The Treg/CTL ratio rose after in
vitro activation and was more pronounced in young than in old
fingolimod-treated MS (eFigure 5A).

Discussion
Fingolimod therapy increased the percentage of circulating
CD8+CD28− Treg cells from 1/3 of HC levels in therapy-
naive stableMS and only 1/6 ofHC levels in exacerbatingMS to
twice normal levels after fingolimod therapy. CD8+CD28− Treg
were 50% of CD8+ lymphocytes in HCs (Figures 1 and 4) but
were only 17% in therapy-naive stable MS and 15% in active MS
(Figure 2B). In fingolimod-treated patients, Treg levels within in
CD8+ lymphocytes rose above levels inHCs to 77% in stableMS

Figure 5 Age and MS Affect the Increase of CD8+CD28− Treg by Fingolimod Therapy

(A) Thepercentageof CD8+CD28− Treg in the resting lymphocytepopulation trended 2-fold higher in healthy older than in younger subjects (p= 0.09). Thepercentage
of Treg in unstimulated older therapy-naive MS was lower than in unstimulated older HCs (p = 0.001) and did not increase with aging. The percentage of Treg in
unstimulated fingolimod-treated younger patientswas 5.8-fold higher than inunstimulated younger therapy-naiveMS (p= 0.005) and5.6-fold higher in unstimulated
fingolimod-treated older patients than in older unstimulated therapy-naiveMS (p = 0.001). On activation with ConA, Treg percentages did not significantly change in
young andoldHCs or in therapy-naive patients and tended to lose someof the Treg increase because of fingolimod therapy, although levels were still greater than in
therapy-naiveMS (p= 0.0002 for youngandp= 0.03 forold). StableandactivepatientswithMShadsimilarprofiles andwerecombined foranalysis. (B) Thepercentage
of CD8+CD28+ CTL within total lymphocytes in older HCs and in older therapy-naive MS was lower than that of younger subjects and did not change with ConA
activation. However, fingolimod therapy decreased the percentage of CTL in unstimulated young (p = 0.00004) and old MS (p = 0.01) and in ConA-activated young
(p= 0.02) andoldMS (p= 0.01).Hashing indicatesConAactivation. *p≤ 0.05, **p≤ 0.01, ***p≤ 0.001. Abbreviations: ConA= concanavalinAmitogen;CTL= Cytolytic T
lymphocyte; HC = healthy control; Treg = regulatory T cell.
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and to 58% in active MS (Figures 1 and 2). Fingolimod therapy
concordantly reduced the percentage of CD8+CD28+ CTL,
negating the possibility that all CD8+ subsets rise in relation to
the diminished numbers of CD4+ cells.

The increase in the percentage of CD8+CD28− Treg by fin-
golimod therapy may be linked to clinical benefit in MS. There
are 11 classes of approved MS therapies, based on mechanism
of action. At least 4 of them increase the number and some-
times the function of CD8+ Treg, including interferon-β,31

glatiramer acetate,32 anti-CD20 therapy,28 and fingolimod
(present data). The mechanism for the therapy-induced in-
crease in CD8+ Treg is unknown but could include diminished
liberation of CNS antigens that drive inflammation or in-
duction of multiple regulatory pathways.27,29,30,32,33 The
mechanisms controlling CD4 and CD8 subset homeostasis
during fingolimod therapy await definition.

CD8 Treg in humans are 10-fold more numerous than CD4
Treg. CD8 Treg are more potent than CD4 Treg on a per-cell
basis, and defective CD8 Treg function is more subnormal than
CD4 Treg function in MS.6,9,12,34 CD8+CD28− Treg cells are
more suppressive than the total CD8 population and the
enriched CD4 Treg population.8,12 CD8 Treg function assays
typically study inhibition of mitogen or myelin antigen-specific
activation,5,12,13 response to allogeneic cells, or downregulation
of CD80 and CD86 costimulatory/activation molecule
expression.12,35 Reducing CD80/CD86 is of potential benefit in
MS, where high levels of these molecules on B cells and
monocytes could promote inflammation.36

CD8 Treg are very different between mice and men. In mice,
CD8+CD28− cells are rare (1–5%), and CD4 Treg have a potent
regulatory role.34 In healthy humans, however, CD8+CD28+CTL
and CD8−CD28− Treg are in a 50:50 ratio10 (Figures 1 and 4).
Surface markers also differ between species. In mice, CD8 Treg
are CD25+ and CD122+ (IL-15R), PD-1+, and Ly49d+ 0.37 In
humans, CD8Treg areCD25+, CD27±, CD28−, CD57+, CD62+,
CD127- (IL-7Rα), CCR7+, CD45RA+, CTLA4+, GITR+, ILT3+,
and NKG2D+. In man, CD8 Treg markers ranked in functional
relevance are CD28 > CD27 = NKG2D > CD45RO.12,13

Surfacemarkers that reflect regulatory function are often similar to
markers of immune cell aging or chronic antigen exposure linked
to immune senescence, but regulatory function, aging effects, in-
duction of memory cells, and senescence-induced exhaustion are
measured in different ways.38 Senescent antigen-induced
CD4+CD27−CD28− cells have Th1 and cytolytic function and
do not differ between HCs andMS or between different forms of
MS.38 CD8 cells after chronic antigen exposure, in contrast, dif-
ferentiate from CD27+CD28+ to CD27−CD28+ and to
CD27−CD28− cells.39 Senescent cells as defined in these assays
may differ from MS CD8+CD28− Treg. With multiplex flow
cytometry, CD8+CD27−CD28−CD57+ cell levels do not change,
but the larger population of CD8+CD28− cells increase (Figures 1
and 2).40 Exquisitely defined immune subsets seemmore specific
but may not encompass most Treg function.

We and others find that subnormal function ofCD8+Treg inMS
parallels low numbers of CD8+ Treg and that there is a decline in
CD8+ Treg function and numbers during disease activity
(Figure 2).5,10-13,18 This functional deficit is present with mito-
gen activation and with CNS-specific antigen responses.17,18 On
a per-cell basis, the reduction in regulatory function in MS is
more pronounced inCD8+CD28−Treg than inCD4+Treg or in
NKreg.6,9,33 CD8+ and CD28− markers were used herein be-
cause they reflect an important regulatory defect in MS. How-
ever, the function of these subsets has not been rigorously
evaluated during fingolimod therapy.

Thymic education optimizes helper and regulatory responses
to foreign and self-antigens, and then T cells from the thymus
populate the peripheral immune system. Robust thymic emi-
gration declines after childhood but is present at low levels
throughout life. Recent thymic emigrants (RTE) containing
T-cell receptor excision circles (Trec) markedly diminish in
MS, corresponding to a 25–30 years advance in immune age
compared with normal.41 To compensate for the decline in
RTE, peripheral T cells must expand in the periphery without
rigorous thymic immune control, allowing autoimmune ex-
cess. MS therapies such as fingolimod that prevent thymic
egress, and other therapies that deplete peripheral immune
cells, may further modify other aspects of immune regulation
in MS.

In lymph nodes, CD69 allows inflammatory monocytes to se-
crete S1P, which causes internalization and degradation of S1PR
in lymphocytes,23 similar to the effect of fingolimod. Reduced
S1P1R and enhanced CD69 expression will increase immune
cell dwell time in lymph nodes during inflammation.20,21,26 Here,
fingolimod and analogues did not modify the expression of
CD69 on resting or activated lymphocytes in vitro, suggesting
that change in CD69 levels is not a mechanism of action of
fingolimod therapy. Nonetheless, after in vitro activation, CD69
was 3-fold higher on CD8+ CTL than on CD8+ Treg inMS and
control cells, suggesting that CD69-facilitated lymph node re-
tention would be stronger for antigen-activated CTL than for
Treg in vivo. Although other molecules also affect retention,
CD69 is a potential target for therapies that could induce lymph
node retention of CTL or effector CD4 cells.

Tomodel peripheral immune activation, CD4+ Treg are often
activated with antibodies recognizing CD3, a protein paired
with the T-cell receptor, plus antibodies to the CD28 cos-
timulatory molecule.42 However, anti-CD28 antibodies do
not activate CD8+CD28− Treg. Activation with ConA, a mi-
togen that binds mannose-containing proteins on immune
cells, overcomes this limitation and models inflammation.
ConA activation diminished CD8+CD28− Treg in therapy-
naive MS compared with HCs, suggesting that these cells are
more likely to die during inflammation. During fingolimod
therapy, CD8+CD28− Treg were partially resistant to
activation-induced cell death and remained 4-fold above levels
seen in therapy-naive patients (Figure 5A). We therefore
studied the effect of age on cell death.
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With increasing age, CD8+CD28+ CTL levels decrease in HCs
and in MS (Figure 5 and S5, links.lww.com/NXI/A787), in
parallel with weak cell-mediated immunity, waning responses
to viruses, and more cancer with aging.43 Aging is also associ-
ated with more autoimmune disorders—prevented by Treg,43

which are highly susceptible to activation-induced death in
older patients. Healthy older people have fewerCD8+CTL and
more CD8+ Treg than young HCs, and aged HCs and aged
therapy-naive MS had similar low levels of CTL (Figure 5).
Activation in vitro did not change the number of CTL in young
and old HCs or in therapy-naive MS PBMCs. In older
fingolimod-treated patients with MS, however, activation re-
duced the number of CTL. Loss of CTL during fingolimod
therapy is linked not only to less CNS damage inMS but also to
a slight increase in opportunistic infections in this age group.44

CD8+ Treg levels rise with age in HCs. CD8+CD28− Treg
did not increase with age in MS and remained at subnormal
numbers compared with HCs. CD8+CD28− cell function is
subnormal in MS,5,10-13,18 and aging may further diminishes
function because of reduced thymic emigrants in MS.45 In
young and old patients with MS patients, activation de-
creased already low CD8+CD28− Treg by 25% in unstimu-
lated therapy-naive MS PBMCs. By contrast, fingolimod
therapy elevated Treg in young and old patients with MS to
levels seen in HCs. Activation reduced CD8+CD28− Treg by
40% in fingolimod-treated MS, but already high Treg
remained above the levels seen in therapy-naive MS. Thus,
during inflammation, levels of Treg fall in therapy-naive MS
but with fingolimod therapy potentially therapeutic Treg are
maintained during exacerbations.

CD28− cells may be sensitive to damage during inflammation.
The CD28molecule prevents cell death, and CD28-negative cells
are more susceptible to activation-induced cell death39,42,46 be-
cause CD28 expression on T cells varies between subsets
(CD4+CD28+ > CD8+CD28+ CTL > CD8+CD28-Treg). Sen-
escent CD8+CD28− cells have shorter telomeres and shorter
lifespan and are more susceptible to activation-induced apoptosis,
and higher levels of these cells predict geriatric physical frailty.29,30

Fingolimod therapy elevates the relative number of circulating
CD8+CD28− Treg compared with CD8+CD28+ CTL, from
subnormal to supranormal levels. These changes in circulating
immune cells are not from destruction of lymphocytes but
may nonetheless affect peripheral immune regulation. Com-
pared with therapy-naiveMS, fingolimod therapy prevents the
in vitro activation-induced loss of these Treg. Effects on CD8
cells add to the substantial literature on how S1P modulators
affect CD4 cells. Fingolimod reduced CD8+CD28+ CTL,
most prominently in older patients, paralleling the age-related
increase in rare opportunistic infections, but also possibly
linked to its therapeutic benefit in MS.
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