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Abstract

Multiple lines of evidence suggest that CD8 T cells contribute to the pathogenesis of multiple 

sclerosis (MS). However, the sources and involvement of cytokines such as IL-15 in activating 

these cells is still unresolved. To investigate the role of IL-15 in enhancing the activation of CD8 T 

cells in the context of MS, we determined cell types expressing the bioactive surface IL-15 in the 

peripheral blood of patients and evaluated the impact of this cytokine on CD8 T cell cytotoxicity 

and migration. Flow cytometric analysis showed a significantly greater proportion of B cells and 

monocytes from MS patients expressing IL-15 relative to controls. We established that CD40L 

activation of B cells from healthy donors increased their IL-15 levels, reaching those of MS 

patients. We also demonstrated an enhanced cytotoxic profile in CD8 T cells from MS patients 

upon stimulation with IL-15. Furthermore, we showed that IL-15 expressed by B cells and 

monocytes is sufficient and functional, enhancing granzyme B production by CD8 T cells upon 

coculture. Exposure of CD8 T cells to this cytokine enhanced their ability to kill glial cells as well 

as to migrate across an in vitro inflamed human blood–brain barrier. The elevated levels of IL-15 

in patients relative to controls, the greater susceptibility of CD8 T cells from patients to IL-15, in 

addition to the enhanced cytotoxic responses by IL-15–exposed CD8 T cells, stresses the potential 

of therapeutic strategies to reduce peripheral sources of IL-15 in MS.

Multiple sclerosis (MS) is an inflammatory disease of the CNS in which oligodendrocytes 

and neurons are subject to recurring immunological attacks (1). Although CD4 T cells are 

traditionally considered the main mediators of MS pathogenesis, a role for the participation 

of CD8 T cells has emerged (2–4), as CD8 T cells are abundantly detected in MS lesions (5). 

Activated CD8 T cells can secrete proinflammatory cytokines and release lytic enzymes 

upon recognition of specific Ag–MHC class I complexes on target cells. Oligodendrocytes 

and neurons display MHC class I expression in inflammatory lesions (6), and CD8 T cells 
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with cytolytic granules have been detected in close apposition to oligodendrocytes and 

demyelinated axons in MS lesions (7). Furthermore, the pathogenic relevance of CD8 T cells 

in several animal models of demyelination and neurodegeneration has been demonstrated 

(8–10).

IL-15, a member of the IL-2 family, acts on the development, activation, proliferation, and 

survival of CD8 T cells. This cytokine maintains the memory CD8 T cell pool, even in the 

absence of Ag (11). Activated human monocytes/macrophages and dendritic cells are 

important sources of IL-15, expressing a biologically active IL-15/IL-15Rα complex on 

their surfaces (12). The IL-15/IL-15Rα complex stimulates cells expressing IL-15Rβ and 

the common γ chain, which are responsible for signal transduction (13).

Elevated levels of IL-15 have been detected in several inflammatory diseases including 

rheumatoid arthritis, celiac disease, psoriasis, and inflammatory bowel disease (14–16). 

Increased IL-15 has been reported at the mRNA and protein levels in MS patients’ blood 

(17–21). However, the functional significance of these latter findings needs to be elucidated.

Our group has recently demonstrated increased levels of IL-15 in MS brain lesions and that 

CNS-infiltrating CD8 T cells are in close proximity to IL-15–expressing cells, which include 

astrocytes and microglia/macrophages (22). However, as the initial activation likely takes 

place in the periphery, we investigated the presence and function of the IL-15/IL-15Rα 
complex expressed on immune cells in peripheral blood from MS patients and healthy 

controls. Our study shows that not only monocytes but also B cells provide elevated IL-15 in 

MS patients compared with controls. In addition, we examined the effects of IL-15 on 

enhancing the CD8 T cell cytotoxic profile and migration across the blood–brain barrier 

(BBB).

Materials and Methods

Patient characteristics

Ten patients with clinically definite MS characterized by a relapse-remitting disease course 

were recruited from the Research Center of the University of Montreal Hospital Center-

Multiple Sclerosis Clinic; their ages ranged from 29 to 60 y (mean age, 42 y). Seven of the 

MS patients were clinically stable. The remaining three patients were in the acute phase of 

disease (relapse), defined by the occurrence of a new neurologic symptom lasting at least 24 

h. None of the patients had received immunosuppressive, immunomodulatory, or steroid 

therapy for at least 6 mo prior to blood collection. Ten healthy sex-matched volunteers were 

included as controls; their ages ranged from 28 to 50 y (mean age, 36 y). A written informed 

consent was obtained from patients and healthy donors in accordance with the local ethics 

committee (HD 07.002 and BH 07.001).

Cell isolation procedure

PBMCs were isolated from venous blood samples collected in EDTA-coated Vacutainer 

tubes (BD Biosciences, Oakville, ON, Canada) using a Ficoll density gradient (Amersham 

Biosciences) as described previously (23). PBMCs were either analyzed by flow cytometry 

or put in MACS buffer (PBS containing 2 mM EDTA and 0.5% FBS) prior to proceeding to 
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magnetic beads cell isolation. Monocytes, B cells, and CD8 T cell subsets were positively 

isolated using anti-human CD14, CD19, or CD8 beads, respectively, according to the 

manufacturer’s instructions (Miltenyi Biotec). Cell purity of each subset assessed by flow 

cytometry was >95%.

Flow cytometry

Cells were stained for surface and/or intracellular molecules as previously described (23, 

24), acquired on a BD LSR II flow cytometer (BD Biosciences, Mississauga, ON, Canada), 

and analyzed using FlowJo (Tree Star, Ashland, OR). Mouse mAb directed at human protein 

and unconjugated or conjugated to FITC, Alexa Fluor 700, PE, PE-Cy7, Pacific Blue, or 

allophycocyanin were used. Surface stainings targeted were as follows: CD3, CD4, CD8, 

CD14, CD19, CD20, IL-15Rβ (BD Biosciences), IL-15, or IL-15Rα (goat anti-human) 

(R&D Systems, Minneapolis, MN). Intracellular stainings targeted were granzyme B 

(Invitrogen, Burlington ON, Canada) and IFN-γ (BD Biosciences). Appropriate isotype 

controls were used in all steps. All stainings were compared with isotype controls, and 

<1.5% was found acceptable in upper left, upper right, or lower right quadrants. Change in 

median fluorescence intensity (ΔMFI) was calculated by subtracting the fluorescence of the 

isotype from that of the stain.

Quantitative real-time PCR

Total RNAwas extracted and transcribed into cDNA as described previously (25). Relative 

gene expression was determined using primers and TaqMan FAM-labeled MGB probes for 

IL-15 and IL-15Rα and ribosomal 18S (VIC-labeled probe, used as an endogenous control) 

(Applied Biosystems, Foster City, CA) and according to the manufacturer’s instruction and 

as described previously (25).

In vitro activation of B cells

B cells were cocultured with irradiated CD40L-expressing NIH-3T3 cells (1 × 106 B cells 

with 5 × 105 NIH-3T3) or control NIH-3T3 cells and IL-4 (10 ng/ml) for 3–4 d prior to 

being harvested as published previously (24). Alternatively, B cells were stimulated with 

LPS from Escherichia coli serotype 0127:B8 purified by ion exchange chromatography 

(Sigma-Aldrich, Oakville, ON, Canada) (100 pg/ml), CpG oligonucleotide type B (CpG; 

ODN2006 from InvivoGen) (18 μg/ml), or F(ab′)2 fragment goat anti-human Ig (Jackson 

ImmunoResearch Laboratories, West Grove, PA) (2.5 μg/ml) to stimulate the BCR. 

Conversely, monocytes were activated with LPS (100 pg/ml) and IFN-γ (100 U/ml).

In vitro coculture of B cells or monocytes with CD8 T cells

B cells were cocultured with irradiated CD40L-expressing NIH-3T3 cells (1 × 106 B cells 

with 5 × 105 NIH-3T3) or control NIH-3T3 cells and IL-4 (10 ng/ml) for 3–4 d prior to 

being harvested. Conversely, monocytes (1 × 105/well) were activated with LPS (100 pg/ml) 

and IFN-γ (100 U/ml) for 2 h. Washed B cells or monocytes were subsequently incubated 

with either blocking anti–IL-15 Ab (20 μg/ml) (R&D Systems) or the isotype control for 1 h 

as published previously (22). In proliferation assays, CFSE-labeled allogenic CD8 T cells (5 
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× 105 cells/well) were added in the presence of anti-CD3 (clone OKT3, 32.5 ng/ml) for 5 d, 

after which, cells were harvested, stained, and analyzed by FACS.

In vitro culture of CD8 T cells

CFSE-labeled CD8 T cells (1 × 106 cells/ml) were cultured on plate bound α-CD3 (32.5 

ng/ml) in the presence or absence of recombinant human IL-15 (0.01–5 ng/ml) (R&D 

Systems) and after 5–6 d, cells were either harvested for migration or cytotoxic assays, or 

stimulated with PMA and ionomycin in the presence of brefeldin A prior to surface and 

intracellular staining as described previously (22).

Human brain-derived endothelial cells, isolation, culture, and migration

Human brain-derived endothelial cells (HBECs) were isolated from CNS tissue specimens 

of temporal lobe resections from young adults undergoing surgery for the treatment of 

intractable epilepsy, as described previously (26). Prior to surgery, ethical approval and 

informed consent were given (BH 07.001). HBECs were isolated from nonepileptic material 

to generate an in vitro model of the human BBB according to a published protocol (26). 

Migration assays were performed in a modified Boyden chamber as described previously 

(26). CD8 T cells that had been exposed to anti-CD3 in the presence or absence of IL-15 

were harvested and added to the upper chamber and allowed to migrate for 18 h across 

HBECs preactivated for 24 h with IFN-γ (100 U/ml) and TNF (100 U/ml) (Biosource-

Invitrogen, Carlsbad, CA). The ability of CD8 T cells to cross the HBEC monolayer was 

assessed by counting the absolute number of cells in triplicate wells that migrated to the 

lower chamber.

Cytotoxicity assay

Preactivated (anti-CD3 ± IL-15) CD8 T cells were preincubated with an inhibitor of V-

ATPase, concanamycin A (CMA) (1 μg/ml) for 3 h. Subsequently, MO3.13 cells (a gift from 

Dr. P. Talbot, Institut National de la Recherche Scientifique-Institut Armand-Frappier, Laval, 

QC, Canada) (1 × 104/well) labeled with target fluorescent label 4 (TFL4) (OncoImmunin, 

Gaithersburg, MD) according to manufacturer’s instructions were added at an E:T ratio of 

2:1. After 4 h, cells were harvested for FACS analysis and the same number of CD8 T cells 

was acquired for each condition and each experiment performed as duplicate cultures.

Statistics

Data were analyzed using GraphPad Prism software (San Diego, CA). Results are shown as 

mean and SEM and statistical analyses included Student t test.

Results

Increased proportions of B cells and monocytes carry IL-15 in MS compared with controls

Because the surface-bound form of IL-15 is mainly responsible for cellular signaling to 

neighboring cells (12), we investigated surface expression of IL-15 and IL-15Rα on ex vivo 

PBMCs from MS patients and healthy controls by flow cytometry, using specific cell 

markers for B cells (CD19) and monocytes (CD14). Representative dot plots from one MS 
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and one healthy control for IL-15 and IL-15Rα detection on either B cells or monocytes 

demonstrate that IL-15 was found in greater proportions on cells coexpressing IL-15Rα 
(Fig. 1A, 1B, left panel). Pooled data from 10 MS patients and 10 healthy controls show a 

significantly higher proportion of B cells (17.8 ± 4.0 versus 7.5 ± 1.2%) and monocytes 

(70.8 ± 8.8 versus 38.2 ± 6.2%) expressing the IL-15/IL-15Rα complex in MS patients (Fig. 

1A, 1B, middle panel). These increased proportions in MS patients were observed regardless 

of their clinical status (relapse or stable). The ΔMFI of IL-15 on monocytes was slightly 

higher in MS patients as compared with controls (3676 ± 580 versus 3454 ± 312) but 

significantly higher on B cells from MS patients as compared with controls (326 ± 56 versus 

144 ± 38; *p < 0.05). IL-15Rα expression was similar in MS patients and healthy controls 

on B cells (37.8 ± 5.0 versus 33.8 ± 5.4%) and monocytes (73.1 ± 6.3 versus 71.3 ± 6.0%). 

In addition, we assessed IL-15Rβ, the receptor chain necessary for IL-15 signaling on T 

cells and found increased proportions of CD8 T cells (37.4 ± 7.6%) expressing IL-15Rβ as 

compared with their CD4 counterparts (14.7 ± 5.1%) in both donor groups. However similar 

proportions of CD8 T cells express IL-15Rβ in MS and controls (37.4 ± 7.6 versus 41.4 

± 7.5%) (Fig. 1C).

CD40L-activated B cells are a source of IL-15

To provide further evidence that IL-15 can indeed be produced and upregulated by human B 

cells, we performed flow cytometry and quantitative real-time PCR (qPCR) for IL-15 and 

IL-15Rα on untreated and activated B cells from healthy donors (Fig. 2). Inflammatory 

mediators enhanced in MS patients are most likely responsible for the elevated IL-15 levels 

we observed in these patients compared with controls. We evaluated whether inflammatory 

stimuli such as LPS, known to enhance IL-15 surface expression on other cell types (13), or 

CpG, which stimulates B cells (27), could induce IL-15 expression by human B cells. We 

also determined whether B cell activation via the BCR or CD40L could trigger such 

expression. We observed a significant upregulation of both IL-15 and IL-15Rα in CD40L-

activated B cells obtained from healthy donors at the surface protein level as assessed by 

flow cytometry for the percentage of cells as well as intensity of signal (Fig. 2A, 2B). 

However, although BCR and CpG activation efficiently boosted HLA-DR expression by 

human B cells (Fig. 2A, right panel), they did not lead to a significant upregulation of IL-15 

(Fig. 2B, n = 4–8 tested donors). LPS did upregulate HLA-DR in some healthy donors but 

did not increase IL-15 (Fig. 2A). Among the potential B cell stimuli, CD40L is an important 

activator that has been implicated in deleterious autoimmune responses including MS (28–

30). Thus, we conclude that IL-15 and its receptor cannot only be produced by human B 

cells but can also be upregulated in an inflammatory milieu, especially in the presence of 

CD40L. We confirmed the specificity of the CD40L-mediated activation because control 

3T3 cells did not induce such an upregulation of IL-15 or of CD86 on human B cells (Fig. 

2C). Moreover, we observed that although IL-4 alone did not affect IL-15 surface expression 

by B cells, it did modestly increase the impact of CD40L (Fig. 2D). IL-4 also promoted a 

better survival of human B cells in vitro as fewer cells were positive for a live/dead staining. 

To substantiate that human B cells can indeed produce IL-15, we compared surface and 

intracellular expression of IL-15 by these cells when brefeldin A was added for the last 16 h 

of incubation. Untreated cells had no detectable or very low levels of IL-15 (MFI: isotype, 

86; surface stain, 84; intracellular stain, 95) (Fig. 2E), whereas the CD40L + IL-4 
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combination led to an increase in both compartments (one typical example in Fig. 2E; MFI: 

isotype, 293; surface stain, 421, intracellular stain, 623). IL-15 mRNA levels in ex vivo B 

cells were lower than in monocytes from the same donors; however, the CD40L activation 

led to a significant increased of these levels (Fig. 2F); no IL-15 was detected by qPCR using 

RNA isolated from 3T3-CD40L cells. In contrast, we could not detect any secreted IL-15 

from B cells either untreated or CD40L-activated (n = 4 donors) using a sensitive ELISA 

(detection limit 4 pg/ml) (data not shown). Finally, when we added soluble rIL-15 to human 

B cells, we could not detect surface binding of the cytokine after 5 h of incubation at 37°C. 

Overall, our results support the notion that B cells synthesized IL-15, which was then 

translocated and expressed on the cell surface similarly seen in other cell types.

CD40L activation moderately increases IL-15 on monocytes

IFN-γ, which is highly elevated both in the peripheral blood and CNS of MS patients (1), 

has been shown to upregulate IL-15 surface expression on human monocytes (31). To 

investigate whether IL-15 can be upregulated by monocytes after CD40L activation similarly 

to B cells, we performed flow cytometry for IL-15 and IL-15Rα on untreated and activated 

monocytes (Fig. 3). We observed a significant upregulation of IL-15 and IL-15Rα on 

monocytes with either IFN-γ/LPS or CD40L activation. However, CD40L activation 

increased IL-15 and IL-15Rα on these cells to a lesser degree; therefore, although CD40L 

activation does upregulate IL-15 and its receptor on monocytes, stimulation with IFN-γ/LPS 

results in expression levels of IL-15 and its receptor similar to that of ex vivo monocytes 

from MS patients (Fig. 1B).

IL-15 provided by B cells and monocytes increases the proportion of granzyme B-
producing CD8 T cells

Because CD8 T cells expressing IL-15Rβ (Fig. 1) are more abundant than their CD4 

counterparts, they are more likely influenced by IL-15. To determine whether the IL-15 

produced by B cells and monocytes is sufficient and functional, CFSE-labeled CD8 T cells 

were cocultured with CD40L-activated B cells or LPS-activated monocytes obtained from 

healthy donors for 5 d in the presence of either an Ab against IL-15 or an isotype control. 

Flow cytometric data from representative CD8 T cell donors are illustrated in Fig. 4A and 

4D. CD8 T cells cultured with allogeneic B cells or monocytes in the presence of the IL-15–

blocking Ab displayed a significantly reduced proportion of proliferated cells expressing 

granzyme B as compared with cells cultured with the isotype control (Fig. 4B, 4E). 

Likewise, the proportion of all granzyme B-expressing CD8 T cells cultured in the presence 

of the IL-15–blocking Ab was significantly lower (Fig. 4C, 4F). Thus, surface IL-15 

provided by both B cells and monocytes significantly elevated the expression of granzyme B 

by human CD8 T cells.

IL-15 increases the proportion of granzyme B-producing CD8 T cells in MS

We elected to evaluate whether CD8 T cells from MS patients are more susceptible to 

increased IL-15 levels than their counterparts from healthy donors. CFSE-labeled CD8 T 

cells isolated from both donor groups were stimulated with anti-CD3 in the absence or 

presence of IL-15 and then assessed for proliferation and IFN-γ and granzyme B 

production. CD8 T cells underwent multiple divisions upon contact with anti-CD3 and the 
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addition of IL-15 increased this proliferation in a dose-dependent manner (Fig. 5A, 5B; ***p 
< 0.001); CD8 T cells also expressed higher levels of IFN-γ and granzyme B in response to 

increasing concentrations of IL-15 (Fig. 5C, 5D; ***p < 0.001). Furthermore, not only did a 

significantly greater proportion of CD8 T cells from MS patients express granzyme B in 

response to IL-15 (1 and 5 ng/ml) as compared with healthy controls (Fig. 4C; **p < 0.01), 

but also the percentage of granzyme B-expressing CD8 T cells from these patients was 

significantly increased upon addition of IL-15 (5 ng/ml) as compared with untreated cells 

from the same donors. However, IL-15 had a similar impact on IFN-γ production regardless 

of proliferation in both donor groups (Fig. 5D). Thus, CD8 T cells from MS patients were 

more responsive to IL-15, specifically with regards to granzyme B production.

IL-15 increases the capacity of CD8 T cells to cross the BBB

Immune cell infiltration via the BBB is considered one of the earliest immunological events 

leading to lesion formation in MS (32, 33). We therefore sought to determine whether IL-15 

can enhance the migration of cytotoxic CD8 T cells into the CNS using an established in 

vitro model of the BBB (26, 34). Migration assays were performed in Boyden chambers 

coated with a monolayer of HBECs. To mimic the inflammation in the CNS of MS patients, 

HBECs were preactivated with IFN-γ and TNF. CD8 T cells that had been exposed to anti-

CD3, in the presence or absence of IL-15 or IL-2, were added to the upper chamber and 

allowed to migrate. Significantly more CD8 T cells pretreated with IL-15 migrated through 

the monolayer compared with their nontreated counterparts (n = 4; **p < 0.01); pretreatment 

with IL-2 only moderately increased the number of migrated cells (Fig. 6A). To determine 

whether IL-15 provided by B cells can have a similar impact on CD8 T cell migration, CD8 

T cells were cocultured with CD40L-activated B cells for 5–6 d in the presence of either an 

Ab against IL-15 or an isotype control before the migration assay was performed. CD8 T 

cells cultured with B cells in the presence of the IL-15–blocking Ab displayed a significantly 

reduced capacity to migrate across the HBEC monolayer compared with cells cultured with 

the isotype control (*p < 0.05) (Fig. 6B). Moreover, the migrated CD8 T cells maintained 

their cytotoxic profile (granzyme B content) as assessed by flow cytometry (Fig. 6C). To 

assess potential disruption of the BBB caused by activated CD8 T cells during the migration, 

we evaluated the permeability of the HBEC monolayer using BSA-FITC as a tracer as 

described previously (32). We did not observe any difference in BSA–FITC diffusion during 

or after the migration of CD8 T cells treated with anti-CD3 alone as compared with the 

presence of IL-15 or IL-2 (data not shown). Our data support the notion that the increased 

number of migrated CD8 T cells was not due to a non-specific disruption of the in vitro 

BBB. Therefore, peripheral exposure to IL-15 increases the number of CD8 T cells 

migrating across an in vitro BBB.

IL-15 enhances CD8 T cell-mediated cytotoxicity

It has been shown that recombinant granzyme B can cause the death of human neurons (35). 

Furthermore, activated human CD8 T cells can kill oligodendrocytes and neurons (36). 

Thus, to investigate whether IL-15 amplifies the capacity of CD8 T cells to kill target cells 

via granzyme B release, we performed an in vitro assay using a human oligodendroglial cell 

line MO3.13 (37) as target cells. CD8 T cells were cultured in the presence of anti-CD3 with 

or without IL-15 (5 ng/ml) and then collected, washed, and used as effector cells. CD8 T 
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cells were preincubated with CMA to inhibit the lytic granule-based cytolytic activity (38). 

Target cells were incubated with effector cells at an E:T ratio of 2:1, and after 4-h 

incubation, the number of CD8 T cells and target cells was analyzed by flow cytometry (Fig. 

7A). CD8 T cells that had been exposed to IL-15 (5 ng/ml) were significantly more efficient 

at killing oligodendroglial cells than those cultured with anti-CD3 alone (pooled data n = 5 

donors; *p < 0.05; Fig. 7B). Addition of CMA significantly reduced the killing of 

oligodendroglial cells (Fig. 7B), indicating IL-15 enhances killing via granzyme B. Thus, 

our results suggest that CD8 T cells pre-exposed to IL-15 demonstrate an increased ability to 

kill target cells such as oligodendrocytes (Fig. 8).

Discussion

Our study demonstrates that multiple immune cells in MS patients can modulate CD8 T cell 

responses by providing IL-15 (Fig. 8). We observed a significantly greater proportion of B 

cells and monocytes expressing the IL-15/IL-15Rα complex in MS patients as compared 

with controls. Both B cells and monocytes can supply functional IL-15 to CD8 T cells, 

enhancing granzyme B production (Fig. 8). Furthermore, CD8 T cells from MS patients are 

more responsive to IL-15, a significantly greater proportion producing granzyme B in 

response to this cytokine as compared with controls. Last, not only does exposure to IL-15 

enhance the cytotoxic capacity of CD8 T cells via granzyme B production but it also 

promotes their migration across the BBB (Fig. 8).

We observed elevated levels of B cells and monocytes expressing the surface IL-15/IL-15Rα 
complex, the biologically active form, in MS patients. Another group previously reported 

increased levels of surface IL-15 on MS patients’ monocytes as compared with controls (20) 

without assessing IL-15Rα. Murine B cells (39, 40) and human B cell lines (40, 41) have 

been shown to produce IL-15. To our knowledge, we are the first to describe elevated levels 

of B cells expressing IL-15 and IL-15Rα in MS patients’ blood (Fig. 1A) and human 

primary B cells as a source of IL-15. To provide further evidence concerning the 

upregulation and a functional effect of the IL-15 expressed by B cells, we designed in vitro 

experiments to mimic the characteristic inflammation of MS. The increased IL-15 levels on 

B cells we observed upon CD40L-mediated activation (Fig. 2) could be provided by elevated 

numbers of T cells expressing CD40L found in MS patients (30). Therefore, the higher 

levels of surface IL-15 on B cells from MS patients could be due to enhanced B cell 

production, such as following CD40L-mediated activation, and/or due to the acquisition of 

this cytokine from other still unknown sources. Stimulation with TLR ligands (CpG, LPS) or 

BCR activation did not lead to a significant upregulation of IL-15 or its receptor on B cells 

(Fig. 2). Human B cell expression of TLR4, the TRL ligand triggered by LPS, has been 

reported to be very low but upregulated upon activation or inflammation (42–44). We 

observed a modest LPS impact, observing upregulated HLA-DR expression without IL-15 

increased, on B cells from a subset of healthy donors, which might be due to different TLR4 

expression levels. Thus, we conclude that human B cells are a potential source of IL-15, 

especially in the context of enhanced CD40L stimulation, as observed in MS patients. 

Furthermore, the IL-15 presented by activated B cells is sufficient and functional in that it 

induces granzyme B in CD8 T cells in a similar fashion to monocytes (Fig. 4D–F). B cell 

depletion with a CD20 mAb has been shown to be effective in reducing new gadolinium-
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enhancing lesions and the occurrence of relapses in MS patients (45). We reported a rapid 

and almost complete depletion of CD19 B cells in the peripheral blood of treated patients. 

Interestingly, Ab-producing plasma cells are not directly targeted by this treatment, and a 

previous study reported only modest reduction of Abs against myelin peptides in some 

treated MS patients (46). The long-term effects of B cell depletion on Ab levels are still 

unknown. It is possible that the abolishment of B cells in the peripheral blood hampers the 

activation of T cells by proinflammatory cytokines and costimulatory molecules (e.g., 

CD86) provided by B cells (47); we demonstrate in this study that IL-15 could be such a 

cytokine. Hence, B cell depletion could result in a decrease of functional IL-15 presented to 

T cells, consequently leading to an attenuation of the cytotoxic T cell response in MS.

Our in vitro results demonstrate that IL-15 has the capacity to enhance CD8 T cell effector 

functions in the context of MS. Using rIL-15, we studied the direct impact of this cytokine 

on CD8 T cells from MS patients. As the addition of soluble human IL-15Rα to 

recombinant human IL-15 neither enhanced nor inhibited the CD8 T cell response in a 

previous study (48), we did not add soluble IL-15Rα to our assays. In both donor groups, 

there is an increase in the proportion of granzyme B-producing CD8 T cells when activated 

in the presence of IL-15 (Fig. 5), but CD8 T cells from MS patients show a significantly 

higher production of granzyme B as compared with either untreated cells from the same 

patients or healthy controls. These results are in agreement with a previous study showing 

IL-15 to be more important for the upregulation of granzyme B than of IFN-γ in CD8 T 

cells (49). We observed similar proportions of T cells from MS patients and healthy controls 

expressing IL-15Rβ, the receptor chain recognized to be required for IL-15 signaling (13). 

Thus, the T cells’ enhanced susceptibility to the boosting effects of IL-15 observed in MS 

patients is likely due to other factors such as downstream signaling mediators. Another 

group reported increased expression of the IL-15R on CD4 T cells of MS patients compared 

with healthy controls (20); however, CD8 T cells were not assayed, and it was not specified 

which IL-15R chain was examined.

Furthermore, we have shown that exposure of activated CD8 T cells to IL-15 favors their 

migration across inflamed HBECs (Fig. 6), demonstrating a possible mechanism as to how 

these effectors reach their target cells in the CNS. The IL-15–mediated enhanced T cell 

migration is most likely due to a combination of effects induced by this cytokine on human 

T cells such as the increased expression of chemokines and their receptors (50) and binding 

capacity of LFA-1 (51) as well as the acquisition of motile cell morphology (52). Once in 

the CNS, CD8 T cells could be re-exposed to IL-15 in MS lesions as we have demonstrated 

(22). IL-15 has been well characterized for its crucial role in the generation of efficient 

cytotoxic CD8 T cells (53, 54). CD8 T cells have been described to directly kill CNS cell 

subsets including oligodendrocytes and neurons in vitro (36, 55) most likely through 

granzyme B production (56–58), even in the absence of perforin (35). In addition, the 

delivery of granzyme B to target cells induces apoptosis (59). We have shown that IL-15–

increased CD8 T cell cytotoxicity toward oligodendroglial cells in vitro is at least partly 

dependent on granzyme B, using an inhibitor of V-ATPase (CMA).

In conclusion, elevated IL-15 levels provided by B cells and monocytes in the peripheral 

blood of MS patients enhance the cytotoxic profile of CD8 T cells. As elevated levels of 
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IL-15 have been detected in several inflammatory diseases (14–16), therapeutic strategies 

targeting this cytokine are in development; indeed, a humanized anti-human IL-15 Ab was 

well tolerated in rheumatoid arthritis patients (60), and other clinical trials in inflammatory 

diseases are ongoing. Thus, therapeutic strategies to reduce IL-15 in the peripheral blood of 

MS patients could be similarly beneficial through decreasing the CD8 T cell access to the 

inflamed CNS and the subsequent CD8 T cell-mediated damage observed in these patients.
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FIGURE 1. 
Increased proportion of B cells and monocytes carry IL-15 in MS patients compared with 

healthy controls. Ex vivo PBMCs of 10 MS patients and 10 healthy controls were analyzed 

by flow cytometry for IL-15 and IL-15Rα expression on CD19+ (B cells) and CD14+ 

(monocytes) cells and for IL-15Rβ expression on CD3 T cells, either CD4 or CD8. A and B, 

Representative flow cytometry dot plots of PBMCs from one healthy control (HC) and one 

MS patient gated according to isotype on either B cells (CD19; A) or monocytes (CD14; B) 

are illustrated for IL-15 and IL-15Rα at the cell surface. The percentage of B cells and 

monocytes expressing both IL-15 and IL-15Rα (A, B, middle panel) in MS patients (■) 

compared with HCs (□) is shown. The proportion of cells bearing IL-15Rα regardless of 

IL-15 presence for both groups is also illustrated (A, B, right panel). C, Representative flow 

cytometry dot plots of PBMCs from one MS patient gated according to isotype on CD4 or 

CD8 T cells for IL-15Rβ at the cell surface. The frequency of IL-15Rβ expression on CD8 T 

cells and CD4 T cells for both groups (MS and HC) is shown. Mean ± SEM (n = 10); *p < 

0.05, **p < 0.01, ***p < 0.001 with Student t test.
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FIGURE 2. 
CD40L activation increases IL-15 expression by human B cells. Purified human B cells were 

cultured for 3 d in the absence (nil) or presence of LPS, CpG, anti-human Ig (αhu Ig), or 

CD40L-expressing cells prior to staining for IL-15 and IL-15Rα. A, Representative dot plots 

(left panels) for IL-15 and IL-15Rα detection and representative histograms (right panels) 

for HLA-DR are depicted for different culture conditions. B, Pooled data of the frequency of 

IL-15 and IL-15Rα coexpression and IL-15 ΔMFI on B cells following different treatments 

are depicted; mean ± SEM (n = 4–8); *p < 0.05 with paired Student t test. C, B cells cultured 

for 3 d in the absence (nil) or presence of 3T3 control cells or CD40L-expressing 3T3 cells 

were stained for IL-15 and CD86. 3T3 control cells did not upregulate IL-15 or CD86 on 

human B cells. D, B cells cultured for 3 d in the absence (nil) or presence of IL-4, CD40L-

expressing 3T3 cells, or both were stained for IL-15 and CD40. IL-4 alone did not affect 

IL-15 surface expression by B cells but did modestly increase the impact of CD40L. E, B 

cells cultured for 3 d in the absence (nil) or presence of CD40L-expressing 3T3 cells and 

IL-4 were treated with brefeldin A for 16 h and then stained for either surface or 

intracellular IL-15. F, qPCR analysis for IL-15 and IL-15Rα mRNA levels in CD40L-

treated B cells and in ex vivo monocytes and B cells presented as relative expression 

compared with 18S internal control. Mean ± SEM (n = 3); *p < 0.05 with paired Student t 
test.
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FIGURE 3. 
CD40L activation moderately increases IL-15 on monocytes. Purified monocytes were 

cultured for 3 d in the absence or presence CD40L-expressing cells or IFN-γ and LPS prior 

flow cytometry analysis. A, A representative dot plot for surface IL-15 and IL-15Rα on 

monocytes following different treatments is depicted. B, Percentage of monocytes 

coexpressing IL-15 and IL-15Rα from three different healthy donors are shown; mean ± 

SEM (n = 3); *p < 0.05, **p < 0.01 with paired Student t test.
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FIGURE 4. 
IL-15 provided by B cells and monocytes increases the proportion of granzyme B-producing 

CD8 T cells. CFSE-labeled CD8 T cells were cocultured for 6 d with allogenic CD40L 

activated B cells (A–C) or allogenic monocytes pretreated with LPS and IFN-γ (D–F) in the 

presence of an isotype control (iso) or an anti–IL-15–blocking Ab (α-IL15). Cells were then 

analyzed by flow cytometry for CD8, proliferation, and granzyme B. A and D, 

Representative dot plots gated on CD8 T cells from one donor illustrating proliferation and 

detection of granzyme B after coculture with B cells (A) or monocytes (D). Percentages of 

CD8 T cells that proliferated and produced granzyme B (B, E) and percentages of all CD8 T 

cells that produce granzyme B (C, F) are shown. Each dot represents percentage of CD8 T 

cells from one donor. Comparison isotype versus anti–IL-15; n = 6–7; **p < 0.01 with 

paired Student t test.
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FIGURE 5. 
IL-15 increases the proportion of granzyme B-producing CD8 T cells in MS. CFSE-labeled 

CD8 T cells isolated from MS or healthy controls (HC) were cultured in the presence of 

anti-CD3 with or without recombinant human IL-15 (doses indicated in nanograms per 

milliliter) for 6 d prior to being analyzed for IFN-γ and granzyme B expression. A, 

Representative flow cytometric plots for proliferation and granzyme B production by CD8 T 

cells are shown for one HC. B–D, Pooled data from 10 MS (■) and 10 HC (□) donors are 

shown. B, Percentages of CD8 T cells that proliferated are presented. C, Percentages of all 

CD8 T cells that produced granzyme B (C, left panel) and percentages of CD8 T cells that 

proliferated and produced granzyme B (C, right panel) are shown. D, Percentages of CD8 T 

cells that proliferated and produced IFN-γ (D, left panel) and percentages of all CD8 T cells 

that produced IFN-γ (D, right panel) are illustrated. Mean ± SEM (n = 10). Straight lines 

show comparison 0 versus 5 ng/ml for MS patients, and dotted lines show comparison 0 

versus 5 ng/ml for HC; heavy lines illustrate comparison for the same dose of IL-15 MS 

versus HC. *p < 0.05, **p < 0.01, ***p < 0.001 with paired Student t test.
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FIGURE 6. 
IL-15 increases the capacity of CD8 T cells to cross the BBB. A, Activated (anti-CD3 [α-

CD3]) CD8 T cells in the presence or absence of IL-15 or IL-2 were allowed to migrate for 

18 h across the confluent monolayers of HBECs pretreated with IFN-γ and TNF in Boyden 

chamber migration assays. CD8 T cells were then harvested, counted, and stained. B, CD8 T 

cells were cocultured with CD40L-activated B cells for 5–6 d in the presence of either an Ab 

against IL-15 or an isotype control before the migration assay was performed. CD8 T cells 

were then harvested and counted. C, Granzyme B was assessed for activated (α-CD3) CD8 

T cells in the presence or absence of IL-15 following migration. There were two to five CD8 

T cell donors tested for each condition in triplicates. Mean ± SEM; * p < 0.05, ** p < 0.01 

with paired Student t test.
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FIGURE 7. 
IL-15 augments CD8 T cell-mediated cytotoxicity. CD8 T cells after a 5-d culture with anti-

CD3 (α-CD3) in the absence or presence of IL-15 were treated with CMA or left untreated 

and were afterward added to TFL4-labeled MO3.13 target cells. A, Histogram illustrating 

detection of CD8 T cells (left gray peak) and target cell populations (black area, fine line 

and dotted line). Killing was assessed as the disappearance of TFL4-labeled target cells upon 

coculture with a constant number of CD8 T cells. The filled black area represents target cells 

exposed to CD8 T cells previously cultured with anti-CD3 and IL-15 (5 ng/ml), and the 

straight line represents target cells exposed to CD8 T cells previously cultured with anti-

CD3 only. The dotted line represents target cells exposed to CD8 T cells previously cultured 

with anti-CD3 and IL-15 (5 ng/ml) but treated with the granzyme B inhibitor CMA. B, 

Pooled data of target cell killing mediated by CD8 T cells (n = 5 donors). E:T ratio of 2:1. 

Mean ± SEM; *p < 0.05 with paired Student t test.
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FIGURE 8. 
Proposed impact of elevated IL-15 on CD8 T cells in MS. 1) Increased proportions of T cells 

provide CD40L (30) to B cells in the peripheral blood of MS patients. 2) CD40–CD40L 

activation leads to an upregulation of IL-15 on B cell surface. 3) Elevated numbers of 

peripheral blood B cells and monocytes present the IL-15/IL-15Rα complex to IL-15Rβ–

bearing CD8 T cells. In addition, IL-15 can be provided by astrocytes and microglia within 

the inflamed CNS (22). 4) CD8 T cells exposed to IL-15 display increased levels of 

granzyme B and migrate into the CNS in greater numbers. 5) Finally, CD8 T cells exposed 

to IL-15 display an increased capacity to kill target cells such as oligodendrocytes.
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