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In autoimmunity, the balance of different helper T (Th) cell subsets can influence the 
tissue damage caused by autoreactive T cells. Pro-inflammatory Th1 and Th17 T cells 
are implicated as mediators of several human autoimmune conditions such as multiple 
sclerosis (MS). Autologous hematopoietic stem cell transplantation (aHSCT) has been 
tested in phase 2 clinical trials for MS patients with aggressive disease. Abrogation of 
new clinical relapses and brain lesions can be seen after ablative aHSCT, accompa-
nied by significant reductions in Th17, but not Th1, cell populations and activity. The 
cause of this selective decrease in Th17 cell responses following ablative aHSCT is not 
completely understood. We identified an increase in the kinetics of natural killer (NK) 
cell reconstitution, relative to CD4+ T cells, in MS patients post-aHSCT, resulting in an 
increased NK cell:CD4+ T cell ratio that correlated with the degree of decrease in Th17 
responses. Ex vivo removal of NK cells from post-aHSCT peripheral blood mononuclear 
cells resulted in higher Th17 cell responses, indicating that NK cells can regulate Th17 
activity. NK cells were also found to be cytotoxic to memory Th17 cells, and this tox-
icity is mediated through NKG2D-dependent necrosis. Surprisingly, NK cells induced 
memory T cells to secrete more IL-17A. This was preceded by an early rise in T cell 
expression of RORC and IL17A mRNA, and could be blocked with neutralizing anti-
bodies against CD58, a costimulatory receptor expressed on NK cells. Thus, NK cells 
provide initial co-stimulation that supports the induction of a Th17 response, followed 
by NKG2D-dependent cytotoxicity that limits these cells. Together these data suggest 
that rapid reconstitution of NK cells following aHSCT contribute to the suppression of 
the re-emergence of Th17 cells. This highlights the importance of NK cells in shaping the 
reconstituting immune system following aHSCT in MS patients.
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inTrODUcTiOn

Pro-inflammatory helper T (Th) cells contribute to disease activ-
ity in several autoimmune inflammatory conditions including 
multiple sclerosis (MS). In MS, Th1 and Th17 subsets have been 
considered pathogenic, while Th2 and regulatory T cell subsets 
may limit disease activity (1). Th17  cells express IL-17A and 
the transcription factor RORγt. These cells, including those 
co-expressing IL-17 and IFN-γ, have the capacity to disrupt the 
blood–brain barrier and directly injure neurons, and therefore 
have been of particular interest in the study of MS (2, 3).

Natural killer (NK) cells are part of the innate immune system, 
specialized in killing virus-infected cells and tumors through 
several mechanisms and receptors including NKG2D-dependent 
cytotoxicity. Infected or stressed cells express ligands for NKG2D 
including MICA, MICB, and the ULBP ligands. In addition, 
NK cells can regulate adaptive immunity (4, 5). There are at least 
two major subtypes of NK cells in humans referred to as CD56bright 
and CD56dim NK cells, circulating in blood and located within 
tissues (6, 7). They are discernable by flow cytometry based on 
their relative intensity of CD56 expression. In blood, about 90% 
of NK cells are expected to be CD56dim NK cells, this proportion 
varies for NK cells within tissues (6, 7). The traditional view was 
that CD56dim NK  cells are cytotoxic while CD56bright NK  cells 
played more of a regulatory role, however, CD56bright NK  cells 
can acquire cytotoxic properties, and both types can produce 
cytokines (8). NK cells can also be subdivided based on CD16, 
a low affinity Fc receptor. CD56dim NK cells are predominantly 
CD16+ with only a minor proportion that are CD56dimCD16−, 
and CD56bright NK cells are mostly CD56brightCD16− with a minor 
population expressing intermediate levels of CD16, referred to as 
CD56brightCD16dim (7).

Several lines of evidence indicate that NK cells play a protec-
tive role in autoimmunity. Depletion or removal of NK  cells 
exacerbates collagen-induced arthritis (9, 10), a transfer model 
of colitis (11), and experimental autoimmune encephalomyelitis 
(12–15). Furthermore, dysregulation or impairment of NK cells 
has been linked to MS relapses and MRI lesions (16–24). The 
mechanism by which NK cell dysfunction contributes to MS is 
still unclear, but may include loss of cytotoxic capacity against 
autologous T cells (25). Following activation, effector T cells are 
sensitized to NKG2D-dependent cytotoxicity by upregulating 
NKG2D ligands (26–29). Given their regulatory capacity, NK cells 
are potential therapeutic targets in autoimmune diseases includ-
ing MS. Several MS therapeutics limit MS disease activity and 
concomitantly expand NK CD56bright cells, including daclizumab 
(30), alemtuzumab (31), dimethylfumarate (32), and IFN-β (33). 
NK cells are also capable of injuring astrocytes and neurons (34) 
and promoting demyelination (35). Their overall contribution to 
autoimmunity is thus a balance of immune-regulatory and pro-
inflammatory actions.

Autologous hematopoietic stem cell transplantation (aHSCT) 
as a treatment for relapsing remitting MS, has been tested 
in several clinical trials and has been found to be effective at 
inducing prolonged disease stabilization (36). In a Canadian 
multi-center phase 2 clinical trial, relapsing remitting MS patients 
with aggressive disease received immunoablative chemotherapy 

followed by CD34+ aHSCT. In this open label study, treatment 
resulted in complete abrogation of all clinical relapses and there 
were no new brain MRI lesions with follow-up now exceeding 
13 years (37–39). The concept behind aHSCT therapy in MS is to 
ablate the existing pathogenic immune cells with the induction 
chemotherapy regimen and then allow reconstitution of a newly 
derived, non-pathogenic, autologous immune repertoire by the 
transplanted stem cells. Studies carried out following aHSCT 
demonstrated that central nervous system-reactive Th1  cells 
re-emerged to levels that were indistinguishable from those 
documented before the treatment. By contrast, Th17 responses, 
including IL-17 secretion, were much reduced in the reconsti-
tuted immune system following aHSCT (40).

Given the importance of NK cells in MS as well as their capac-
ity to limit effector T cell responses, we questioned whether the 
decrease in Th17 responses after aHSCT, occurs as a result of 
NK  cell-mediated restriction of the generation and/or mainte-
nance of Th17 cells in the early reconstituting immune repertoire. 
NK cells are known to reconstitute rapidly following allogeneic 
stem cell transplantation for leukemia (41). Furthermore, a 
recent study on immunoablative and stem cell reconstitution in 
MS found a transient increase in NK cells and lower Th17 cell 
responses post stem cell transplantation (42). In this study, we 
demonstrated that NK cells were elevated in aHSCT samples.

MaTerials anD MeThODs

collection of ahscT Blood samples From 
Ms Patients
Multiple sclerosis patients were serially enrolled in the immune 
monitoring sub study as part of the Canadian Collaborative MS/
BMT Study (registered at ClinicalTrials.gov, NCT01099930), 
following informed consent as approved by the institutional 
ethics review boards. aHSCT therapy was performed on a 
cohort of MS patients as previously described (39). In brief, 
patients with aggressive disease who were refractory to drug 
treatments underwent autologous hematopoietic stem cell 
mobilization using cyclophosphamide and filgrastim followed 
by stem cell graft collection by peripheral vein leukopheresis. 
Immune cells were depleted from the graft using CD34 immu-
nomagnetic selection and the graft was cryopreserved. High 
dose busulfan, cyclophosphamide, and antithymocyte globulin 
were administered for immune ablation followed by infusion 
of the thawed CD34 autologous hematopoietic stem cell graft. 
The detailed protocol, patient characteristics, and clinical results 
are published elsewhere (39). Venous blood was sampled from 
MS patients within 2  months before aHSCT, then at 3  weeks, 
3 months, 12 months, and 21 months following aHSCT. A por-
tion of the blood sample was analyzed by flow cytometry with 
antibodies for CD3 (UCHT-1), CD56 (B159), CD4 (RPA-T4), 
CD8 (RPA-T8) (from BD Bioscience; Mississauga, ON, Canada), 
and CD58 (TS2/9; eBioscience). The remaining blood sample 
was processed into peripheral blood mononuclear cell (PBMC) 
using Ficoll, aliquoted, and cryopreserved in fetal bovine serum 
with 10% dimethyl sulfoxide in a cryovial stored in liquid 
nitrogen.
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FigUre 1 | Rapid reconstitution kinetics of natural killer (NK) cell counts 
compared with CD4 T cells in aHSCT-treated multiple sclerosis (MS) patient 
blood. From freshly drawn blood samples, absolute number of NK cell counts 
(a) and CD4+ T cell counts (B) were determined at baseline (BL), and at 
3 weeks (3 W), 3 months (3 M), 12 months (12 M), and 21 months (21 M) 
post-aHSCT. The ratio of NK cells to CD4+ T cells was calculated (c). N = 7 
patients.
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analysis of ahscT Blood samples
After completion of the clinical trial, selected aliquots were 
thawed in batches and used for NK cell bright dim analysis, the 
Th17 assay, and the CD56-depletion experiment. NK bright and 
dim were assessed by staining samples for CD3-APC (UCHT-
1), CD56-PE (B159), and CD16-FITC (CLB/FcGran1) all from 
BD Bioscience, then by flow cytometry determining the two 
different populations, which were visible on the CD3 and CD56 
plots as the CD3−CD56bright or CD3−CD56dim populations, and 
gated using Flow Jo software (Tree Star Inc., Ashland, OR, USA). 
The Th17 analysis was done according to previously published 
protocol (40), in brief, PBMC was incubated for at least 1 h after 
thawing in media containing RPMI1640, 10% FBS, 1% pen strep, 
1% l-glutamine. Samples were activated with soluble function 
grade anti-CD3 (OKT3 1.0  µg/ml; eBioscience, San Diego, 
CA, USA), soluble anti-CD28 (CD28.2; 1.0  µg/ml; eBiosci-
ence), neutralizing anti-IFN-γ and anti-IL-4 antibodies (5 µg/
ml, R&D systems, Minneapolis, MN, USA), and 10  ng/ml of 
recombinant human IL-23 (R&D systems). The Th17 proportion 
was determined with CD3 and CD4 surface staining, followed 
by intracellular cytokine staining: samples were incubated for 
4  h with ionomycin, phorbol myristate acetate, and brefeldin 
A, stained for CD3 (UCHT-1), and CD4 (RPA-T4), then 
fixed and permeabilized with a BD Cytofix/Cytoperm kit (BD 
Biosciences), followed by staining for IFN-γ (B27) and IL-17A 
(SCPL1362) antibodies from BD Biosciences. The proportion 
of Th17  cells was the percentage of cells with the phenotype 
CD3+CD4−IL-17A+IFN-γ−. The Th17 change was calculated by 
dividing the proportion after therapy by the proportion before 
therapy and multiplying by 100%. For the CD56-depletion, 
samples were thawed and incubated in media for at least 1 h. 
The samples were divided, half kept complete, the other half 
depleted with CD56 positive selection by magnetic activated cell 
sorting according to the manufacturer’s instructions (Miltenyi 
Biotec, Auburn, CA, USA). Depletion was confirmed with flow 
cytometry using antibodies for CD3 (UCHT-1) and CD56 
(B159). Complete or depleted samples were then incubated 
with functional grade anti-CD3 (OKT3 1.0 µg/ml; eBioscience), 
anti-CD28 (CD28.2; 1.0 µg/ml; eBioscience), and neutralizing 
anti-IFN-γ and anti-IL-4 antibodies (5  µg/ml, R&D systems) 
for 4  days, then intracellular cytokine stained for IL-17A and 
IFN-γ, and supernatants analyzed for IL-17A using uncoated 
enzyme-linked immunosorbent assay (ELISA) kit for human 
IL-17A (eBioscience) and human IFN-γ (eBioscience).

Mechanism of action of cytotoxicity 
Between nK cells and Th17 cell in  
healthy human samples
PBMCs were isolated from venous blood of healthy adult par-
ticipants following informed consent per approved institutional 
protocol (McGill University). CD4 memory T cells were obtained 
by magnetic activated cell sorting with negative selection, which 
depletes CD45RA, CD8, CD14, CD16, CD19, CD56, CD36, 
CD123, anti-TCRγδ, and CD235a (glycophorin A) according to 
manufacturer’s instructions (Miltenyi Biotec, Auburn, CA, USA). 
The resulting phenotype was CD3+CD4+CD45RO+CD45RA− as 

determined by flow cytometry with antibodies for CD3-PerCP 
(UCHT-1), CD4-FITC (RPA-T4), CD45RO-APC (UCHL1), and 
CD45RA-PE (HI100) from BD Biosciences. Purified autologous 
NK cells were obtained with CD56+ selection magnetic activated 
cell sorting (Miltenyi Biotec). The resulting phenotype was 
CD3−CD56+ determined by flow cytometry using antibodies 
for CD3-FITC (UCHT-1), NKG2D-APC (1D11), and CD56-PE 
(B159). The purified CD4 T cells and NK cells were incubated 
in media containing RPMI1640, 10% FBS, 1% pen strep, 1% 
l-glutamine, at 37°C with 5% CO2, in 96-well U-bottom plates 
at 0.2 × 106 cells per well. Activation was with soluble anti-CD3 
antibodies (OKT3; 1.0 µg/ml; eBioscience) and anti-CD28 anti-
bodies (CD28.2; 1.0 µg/ml; eBioscience). Th17 polarization was 
with neutralizing anti-IFN-γ and anti-IL-4 antibodies (5 µg/ml, 
R&D systems) and 10 ng/ml of recombinant human IL-23 (R&D 
systems) for 4 days. ELISA and intracellular cytokine staining were 
performed as previously described to measure IL-17A and IFN-γ 
(40). Detection of MICA was achieved with MICA polyclonal 
antibody and Zenon labeling kit according to manufacturer’s 
instructions (Thermo Fisher Scientific, Carlsbad, CA, USA). For 
proliferation assay, memory CD4 T cells were pre-labeled with 
CFSE as previously described (40). For cell death studies, annexin 
V and 7AAD were performed on live cells, this was done by wash-
ing cells, adding annexin V PE in annexin V binding buffer (BD 
Bioscience) at 1:10 ratio in 100 µl for 20 min, and then 7AAD (BD 
Bioscience) at a 1:20 ratio for additional 10 min at room tempera-
ture before reading on flow cytometer within 1 h. Before annexin 
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FigUre 2 | The proportions of CD56dim and CD56bright natural killer (NK) cells are higher post-aHSCT compared witho baseline (BL). Cryopreserved peripheral blood 
mononuclear cell (PBMC) from aHSCT-treated MS patients was analyzed by flow cytometry. Representative plots for BL (a,c), and month 12 [M12; (B,D)] stained 
for CD3 and CD56 (a,B), gated on CD3−CD56+, then shown as CD56 with CD16 (c,D). Example gates for CD56bright and CD56dim are shown. Additional time points 
include BL, and serial samples approximately every 3 months for up to 24 months post-aHSCT. The average proportions of total NK cells as well as CD56dim and 
CD56bright NK cell subsets expressed as a proportion of total PBMC (e). The ratio of NK cells with the CD56bright phenotype calculated as CD56bright/CD56dim NK cells 
(F). The proportions of NK cells with CD16+ or CD16− phenotype expressed as a proportion of total PBMC (g). The ratio of gated NK cells with the CD16− 
phenotype calculated as CD16−/CD16+ (h). N = 7 patients. For statistical analysis, the time points were grouped in M3–M6, M9–M12, M15–M18, and M21–M24, 
followed by univariate one-way ANOVA with pairwise comparisons with the BL values.
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V and 7AAD labeling, surface staining with CD4 and CD56 was 
performed to identify gates using FlowJo software (Tree Star 
Inc.). The NKG2D neutralizing antibody (Amgen, Inc., Seattle, 
WA, USA) was used at 40 µg/ml, an amount shown previously to 
significantly attenuate cytotoxicity of NK cells toward glial cells 
as described in a previous publication (34). CD58 neutralizing 
antibodies and respective isotype control were used at 10 µg/ml 
(R&D systems). These neutralizing experiments were done by 
combining purified CD4 memory T cells and purified NK cells at 
equal ratio and incubating for 4 days under activation (CD3 and 
CD28) and polarization conditions (anti-IFN-γ and anti-IL-4), 
then measuring IL-17A by ELISA from the supernatants.

rna extraction and Pcr
Quantitative PCR was performed as previously described (43, 44).  
In brief, total RNA was extracted using RNeasy® Mini kit 

(QIAGEN, Toronto, ON, Canada) and then transcribed into 
complementary DNA using QuantiTect® Reverse Transcription 
kit (QIAGEN) according to the manufacturer’s instructions. 
Relative gene expression levels were determined using primers 
and TaqMan® FAM™-labeled MGB probes for ROR-γ, IL17, 
and ribosomal 18 S (VIC®-labeled probe) (Applied Biosystems, 
Foster City, CA, USA). Quantitative PCR cycling was performed 
for 40 cycles in a 7900HT fast-real-time PCR system (Applied 
Biosystems) as recommended by the manufacturer instructions. 
Gene-specific messenger RNA was normalized compared with 
18S, the endogenous control.

statistics
Statistical comparison with multiple comparisons was made 
using one-way ANOVA (p < 0.05), followed by post hoc Tukey’s 
honest significant difference test. For statistical comparison of 
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FigUre 3 | Changes in blood natural killer (NK) cell populations correlate with changes in helper T (Th) cells populations following aHSCT in MS patients. MS patient 
peripheral blood mononuclear cell (PBMC) samples from baseline (BL) and 12 month post-aHSCT were activated in vitro with anti-CD3, anti-CD28, and Th17 
polarizing factors for 4 days. Th17 and Th1 cells were assessed by analysis of cytokine production by intracellular flow cytometry (CD3+CD4+IL-17A+IFN-γ− or 
CD3+CD4+IL-17A−IFN-γ+, respectively). The change in frequency of Th17 cells (a) or Th1 cells (B) was plotted against the change in NK cell frequency, and linear 
regression was performed on the data points. N = 7 patients.
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two groups before and after aHSCT a paired Student’s t-test was 
used. The level of significance is indicated by *p < 0.05 was con-
sidered to be significantly different, where indicated, **p < 0.01, 
and ***p  <  0.001. Unless otherwise indicated, the error bars 
represent SEM.

resUlTs

nK cells regulate Th cell responses 
after ahscT in Ms
Serial blood samples were collected before aHSCT, 3 weeks after 
treatment and then at approximately 3-month intervals thereaf-
ter. The number of NK cells began returning toward baseline (BL) 
levels by 3  months post-ablation, whereas CD4+ T  cell counts 
did not reach BL levels even at 21 months (Figures 1A,B). The 
relatively rapid return of NK cells during immune-reconstitution 
may have been due to insensitivity to the chemotherapy or that 
NK cells or NK cell precursors were present in the graft. The ratio 
of circulating NK cells to CD4+ T cells increased from less than 
0.2:1 before aHSCT, to a high of 3:1 at 3 months post-aHSCT, 
and then a steady-state ratio of 1:1 from 12 months post-aHSCT 
onward (Figure  1C). A more detailed analysis of immune cell 
subsets revealed that frequencies of both the CD56dim and the 
CD56bright NK cell subsets rose sharply between month 3 and month 
6 post-aHSCT, and remained elevated until month 18 and were 
still significantly higher at 12–18 months post-aHSCT samples 
(Figures 2A,B,E). The ratio of NK bright cells (CD3−CD56bright/
CD3−CD56dim) was approximately 0.1 at BL, significantly 
increased to a ratio of 0.6 from month 3 to 6, and dropped to 
BL values by 24  months (Figure  2F). We also used CD16 as a 
defining marker for NK bright and dim cells (Figures 2C,D). The 
CD3−CD56+CD16− NK cells were significantly higher at month 3 

until month 12 compared with BL, as were the CD3-CD56+CD16+ 
NK cells although they only has a trend to increase from month 
3 to month 6 (Figure 2G). The ratio of CD3−CD56+CD16− cells 
(CD3−CD56+CD16−/CD3−CD56+CD16+) was approximately 
0.3 at BL, and this ratio rose significantly to about 1.0 from 
month 3 to month 6, and then declined to BL levels by month 
24 (Figure 2H). Thus, we found similar conclusions whether the 
CD56 intensity or the CD16 expression was used to define NK 
bright and dim cells.

We next evaluated the relationship between the level of 
change of NK cells and Th17 responses in the aHSCT samples. 
The proportional change in Th17 cells was inversely correlated to 
the change in NK cells in PBMC samples. Patients with a greater 
increase in NK  cells exhibited the greatest reductions in Th17 
responses (r2 = 0.5679; Figure 3A). Within the Th17-polarized 
cultures, there was a substantial proportion of CD3+CD4+IL-17A− 
IFN+ cells consistent with Th1 cells. The proportion of Th1 cells 
was variable, with no overall reduction following aHSCT, and the 
change in Th1 cells correlated to changes in NK cells, but to a lesser 
degree than Th17 cells (Figure 3B). We next sought to determine 
the effect of NK cells on the induction of T cell responses ex vivo. 
To do this, CD56+ cells were depleted from post-aHSCT PBMC 
samples, which successfully removed NK cells (Figures 4A,C). 
This procedure also removed CD3+CD56+ cells, which was a 
minor population in the post-aHSCT samples (Figure  2B). 
The proportion of Th17  cells and Th1  cells was significantly 
lower in activated PBMC that contained CD56+ cells, compared 
with CD56-depleted cultures (Figure 4). On average, Th17 and 
Th1 cells were 2.6 and 1.8-fold higher in the absence of CD56+ 
cells, respectively, suggesting that Th17 cells were more sensitive 
to the presence of NK cells. Thus, NK cells may contribute to the 
regulation of T cell subset responses following aHSCT therapy in 
MS patients.
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FigUre 4 | CD56+ cells suppress Th17 and Th1 cell responses in aHSCT. CD56+ cells were depleted from MS patient PBMC samples collected at 12 months 
post-aHSCT. Representative plots are shown for complete (a,B) and CD56-depleted samples (c,D). Cells were activated in vitro with anti-CD3, anti-CD28, and 
Th17 polarizing factors (Act) for 4 days. The proportions of Th17 and Th1 cells were assessed by analysis of cytokine production by intracellular flow cytometry. 
Representative plots are shown for complete samples (B) and CD56-depleted samples (D). The average proportion of Th17 (e) or Th1 cells (F) is shown. N = 3 
patients.
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nK cells Kill Th17 cells by  
nKg2D-Mediated necrosis
Given the limited cell numbers available from aHSCT PBMC 
samples, we continued to explore the mechanism in a series of 
cell culture experiments with healthy subjects PBMCs. Healthy 
PBMCs were fractioned into memory (RO+RA−) CD4+ T  cells 

and CD3−CD56+ NK  cells (representative purity confirmation 
in Figures 5A–C). Th cells and NK cells were then activated in 
co-culture at a 1:1 ratio to approximate the ratio observed in the 
post-aHSCT clinical trial samples. NK cells caused a 50% decrease 
in response of Th17 cells (defined as CD3+CD4+IL-17A+ IFN-γ−) 
when proportion and number were measured using intracellular 
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FigUre 5 | Natural killer (NK) cells reduce the proportion of Th17 and Th1 cells in vitro. Memory CD4+ T cells and NK cells were isolated from healthy subject 
PBMC. Memory CD4+ T cells were CD3+CD4+CD45RO+CD45RA− as shown in representative dot plots (a,B). NK cells were CD3−CD56+ as shown in a 
representative dot plot (c). Memory CD4+ T cells were cultured without (D,e), or with NK cells at a 1:1 ratio (F,g) for 4 days with anti-CD3, anti-CD28, and Th17 
polarizing factors for 4 days. Plots are shown for CD4 × CD56, which was used to gate CD4+ helper T (Th) cells. Expression of IL-17 and IFN-γ by CD4+ T cells was 
assessed by intracellular flow cytometry (Th17 = CD3+CD4+IL-17A+IFN-γ−, Th1 = CD3+CD4+IL-17A−IFN-γ+, and Th1/17 = CD3+CD4+IL-17A+IFN-γ+). Data pooled 
from 12 experiments showing the proportion (h) and absolute number of Th cells (i). A time-course analysis for Th17 cells (J) and Th1 cells (K) was performed for 
5 days using intracellular cytokine staining. Open diamond = T cells and closed square = T cells + NK cells.
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flow cytometry (Figures 5D–I). In the same samples, the Th1/17 
cells (CD3+CD4+IL-17A+ IFN-γ+) or Th1  cells (CD3+CD4+IL-
17A− IFN-γ+) were not altered by NK  cells, although a trend 
toward decrease was noted for each (Figures  5H,I). A more 
detailed time-course analysis showed that NK  cells began to 

decrease the proportion of Th17 cells on day 3, while the propor-
tion of Th1 cells was slightly reduced on days between 2 and 3 
(Figures 5J,K). Despite the fact that NK cells reduced the propor-
tion and number of Th17 cells by about 50%, the mean fluorescent 
intensity of IL-17A inside of Th cells was significantly elevated 
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FigUre 6 | Activated memory CD4+ T cells express MICA and are sensitive to NKG2D-mediated natural killer (NK) cell cytotoxicity. Memory CD4+ T cells were 
obtained from healthy subject PBMC, as described in Figure 5, and activated with anti-CD3, anti-CD28, and Th17 polarizing factors for 4 days. Expression of CD4, 
MICA (Zenon labeled), IL-17A, and IFN-γ were assessed by intracellular cytokine staining and flow cytometry. Representative plots of FSC × SSC (a), CD4 × SSC 
(B), and IL-17A × IFN-γ (c) are shown. MICA expression on Th17 (D), Th1 (e), and the Th0 cells (F) is shown. Open histogram indicate MICA stained cells and 
closed histograms indicate an isotype control. The average mean fluorescent intensity of MICA minus the isotype control is shown [ΔMFI; (g)]. Expression of CD56 
and NKG2D by NK cells was assessed by flow cytometry and a representative plot is shown (h). NK cells were cultured with memory CD4+ T cells and activated 
with anti-CD3, anti-CD28, and Th17 polarizing factors, at the same time treated without antibody, (NIL), anti-NKG2D neutralizing antibody, or isotype control 
antibody (i). N = 7 samples.
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from 200 MFI (SE 35) up to 283 MFI (SE 74) in the presence of 
NK cells (p = 0.042). The fluorescent intensity of IFN-γ in Th cells 
was not significantly altered by the presence of NK cells although 
a trend toward a reduction was noted, from 682 MFI (SE 85) 
without NK cells, to 634 MFI (SE 97) with NK cells.

Natural killer cells have previously been reported to inhibit cell 
cycle of T cells (45). Given the decrease in Th17 cells in the cul-
tures over time, we questioned whether NK cells were limiting the 
proliferation of the T cells in our cultures. NK cells did not alter 
the proliferation of Th17, Th1/17, or Th1 cell as indicated by dilu-
tion of a proliferation-tracking dye combined with intracellular 

staining for cytokines (Figure S1 in Supplementary Material). 
Next, we evaluated the possibility of NKG2D-dependent cyto-
toxicity by NK cells. Memory CD4+ T cells obtained from healthy 
volunteer PBMCs were activated under Th17 polarizing condi-
tions (Figures 6A–C). MICA, an NKG2D ligand, was found on 
Th17, Th1, and Th0 subsets (the latter defined here as negative for 
IL-17A and IFN-γ; Figures 6D–F), and Th17 cells had the high-
est MICA expression (Figure 6G). We chose to focus on MICA 
because the other ligands (MICB and ULBP1,2,3) were below 
detection thresholds on PBMC samples (data not shown). As 
expected, NKG2D was expressed on the NK cells and expression 
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FigUre 7 | Natural killer (NK) cells are cytotoxic toward helper T (Th) cells 
through necrosis but not apoptosis. Memory CD4+ T cells from healthy 
subject PBMC were activated with anti-CD3, anti-CD28, and Th17 polarizing 
factors, either in the absence or presence of NK cells for 4 days. Samples 
were stained with CD3, CD56, 7AAD, and annexin V. Representative plots of 
T cells (CD4+CD56−) cultured without (a) or with NK cells (B) are shown. The 
average proportion of necrotic (7-AAD+annexinV+) T cells is shown (c). Open 
bars = memory CD4 T cells, closed bars = memory CD4+ T cells plus 
NK cells. N = 8 samples. A time-course analysis of apoptotic (7-AAD−annexin 
V+) T cells is shown (D). Open circles indicate memory CD4 T cells alone and 
filled squares indicate T cells plus NK cells.

FigUre 8 | Natural killer (NK) cells augment IL-17A and RORC levels in memory CD4 T cells. Purified memory CD4+ T cells from healthy subject PBMCs were 
activated with anti-CD3, anti-CD28, and Th17 polarizing factors without (open diamond) or with NK cells (closed square). Cytokines IL-17A (a) and IFN-γ (B) were 
measured in the supernatant by enzyme-linked immunosorbent assay. Expression of RORC (c) and IL17A (D) mRNA was measured by qPCR at the indicated time 
points. Data are representative of three samples. Groups included non-activated memory CD4+ T cells (T nil; closed circles), activated memory CD4+ T cells (T; open 
circle), activated memory CD4+ T cells with NK cells (T NK; closed squares), and NK cells cultured alone with IL-2 (NK IL-2; open squares). Representative plots of 
IL-17A and IFN-γ expression in NK cells (CD3−CD56+) are shown (e,F).
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was identified on both CD56dim and CD56bright (Figure 6H). When 
memory CD4+ T cells were cultured with NK cells, neutralization 
of NKG2D significantly attenuated the NK cell-mediated reduc-
tion in Th17 responses (Figure 6I). To determine the mode of 
cell death, samples were stained with annexin V and 7-AAD dyes. 
NK  cells caused memory CD4+ T  cells to become annexin V+ 
and 7-AAD+, which is a profile consistent with late apoptosis or 
necrosis (Figures 7A,B). The proportion of necrotic (annexin V+ 
7-AAD+) Th cells was significantly elevated after NK cells were 
added (Figure 7C). Furthermore, a time-course analysis revealed 
no evidence that NK cells were inducing apoptotic (annexin V+ 
7AAD−) T cells even at earlier time points (Figure 7D). Together, 
these data demonstrate that NK cells can limit Th cell expansion 
by inducing necrotic cell death.

cD58 expression on nK cells contributes 
to a Transient increase in il-17a 
Production from cD4+ T cells
When we analyzed the levels of cytokines in cell culture super-
natants of activated Th cells exposed to NK  cells, we observed 
significantly higher levels of IL-17A, and IFN-γ (Figures 8A,B). 
This seemed at odds with a reduced proportion of Th17  cells, 
however, we noted an increased MFI of IL-17A in the flow 
cytometry-based analysis suggesting that surviving cells were 
making more IL-17A. Upon activation, Th cells expressed RORC 
(encodes RORγt) mRNA on day 1 of the experiment, which 
increased (Figure  8C), and IL17A mRNA levels were detected 
at day 2 and day 3 of the experiment (Figure 8D). With NK cells 
added, there was more RORC on day 1, and more IL17A on day 
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2 and day 3. NK cells cultured on their own with IL-2 (a potent 
activator of NK cells) exhibited no detectable mRNA for either 
RORC or IL17A, indicating that T cells were the likely source of 
IL-17 in the co-cultures. Intracellular flow cytometry confirmed 
that the NK cells did not express IL-17A, although they did highly 
express IFN-γ (Figures 8E,F). One issue regarding measurement 
of IFN-γ is the presence of IFN-γ neutralizing antibodies used in 
the Th17 conditions. This lowers the amount of IFN-γ detected 
by ELISA when compared with cultures without the neutralizing 
IFN-γ (data not shown). However, the amount of IFN-γ even in 
the presence of the neutralizing IFN-γ was significantly increased 
in the presence of NK cells. To investigate the mechanism by which 
NK cells induced more IL-17A, selected adhesion molecules were 
studied. We first considered CD54 (ICAM-1), an adhesion mol-
ecule found on antigen presenting cells and NK cells. Neutralizing 
CD54 did not alter the NK  cell-mediated transient boost in 
IL-17A (data not shown). CD58, another adhesion molecule, was 
expressed by both CD56bright and CD56dim NK cells (Figure 9A). 
The presence of neutralizing antibodies against CD58 in the 
co-cultures partially attenuated the NK cell-mediated increase in 
IL-17A (Figure  9B). To determine the expression of CD58 on 
NK cells from the MS cohort, we stained samples from BL until 
M24 and analyzed by flow cytometry (Figure 10). There was a 
very low percentage of CD58+ NK cells in these samples (less than 
1% of total PBMC), this proportion was not changed at M12, and 
significantly higher by M15–M24 compared with BL although 
remaining below 1% of PBMC.

DiscUssiOn

Autologous-HSCT is a promising new therapy for aggressive 
MS, which can abrogate clinical relapses and stabilize brain MRI 
lesions. The reconstituting immune system has a lesser neuro-
inflammatory capacity in post-aHSCT samples. This suggests 
that changes had occurred following treatment, which decrease 
disease progression. The data presented here demonstrate that 
NK cells reconstitute rapidly following aHSCT, while CD4+ T cells 
remained below BL for up to 21  months. One explanation for 
functional suppression of CD4 T cells could be that conventional 
regulatory T cells (CD3+ CD4+ FoxP3+ CD25+ CD127−) that were 
shown to rapidly reconstitute following a non-ablative aHSCT in 
MS were suppressing CD4 T cells (46). However, in the Canadian 
ablative cohort, regulatory T cells were only transiently increased 
in MS patients after aHSCT, and returned to BL by 9  months 
post-treatment (40). Another possibility is that thymic atrophy 
accounts for the low Th cell counts. However, the re-emergence 
of recent thymic emigrant naive T  cells, and the broad clonal 
diversity that developed in MS patients who underwent aHSCT, 
suggests that the thymus (which exhibits decreased function early 
after chemotherapy) is still sufficient to facilitate T cell matura-
tion and selection (40, 47). In this study, we tested the hypothesis 
that NK cells were playing a regulatory role in the reconstituting 
immune system. NK cells correlated inversely with the change in 
Th17 cells, and depleting NK cells from aHSCT samples resulted 
in a higher proportion of Th17 cells. Th1 cells were also inhib-
ited by NK cells, albeit to a lesser extent than Th17 cells. These 
results indicate that NK cells reconstitute rapidly, possibly due to 

FigUre 9 | Natural killer (NK) cells support IL-17A expression by helper T (Th) 
cells by CD58 co-stimulation. A representative plot of CD58 expression by 
CD3−CD56+ NK cells is shown from healthy subject peripheral blood 
mononuclear cell (PBMC) (a). Memory CD4+ T cells from healthy subjects 
PBMC were activated with anti-CD3, anti-CD28, and Th17 polarizing factors 
with NK cells in the presence or absence of CD58 neutralizing or isotype 
control antibody for 4 days. The cytokine IL-17A was assessed by enzyme-
linked immunosorbent assay from cell culture supernatants (B). Graph 
indicates mean IL-17A concentration for N = 3 samples.

incomplete ablation or presence of NK cells in the graft, following 
aHSCT and suppress the re-emergence of Th17 cells.

Natural killer cells are known to suppress T cells, but the rela-
tive effect on Th cell subsets has not been widely explored. In cell 
culture experiments, we found that NK cells reduced the propor-
tion of Th17 cells by necrosis in an NKG2D-dependent fashion. 
Previous studies have reported that NK cell–T cell interactions 
may result in apoptosis (48), or limit proliferation of T cells (45). 
Here, we only observed necrotic cell death of T  cells with no 
differences in apoptosis or proliferation of Th cells. Th17  cells 
expressed more MICA than Th1 cells that may account for the 
higher sensitivity of Th17 cells to NK cell-mediated cytotoxicity. 
Despite the clear necrotic effects, NK cells caused an early rise in 
expression of IL-17A and RORγt. Moreover, the IL-17A increase 
was, in part, mediated by CD58. Thus, NK  cells provide early 
co-stimulation to Th17  cells followed by NKG2D-dependent 
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of Th17 cells remaining after NK cell exposure was around 50% 
which suggests that the purpose of NK  cells is to attenuate, 
but perhaps not fully eliminate, T  cell expansion, to preserve 
immunological memory while preventing uncontrolled T  cell 
activation. This may allow NK cells to accelerate the normal life 
cycle of Th17 cells by transiently boosting IL-17A expression and 
secretion, and then accelerating down-regulation of the effector 
response through cytotoxicity.

We identified an increase in both CD56bright and CD56dim 
NK  cells at 12  months post-aHSCT. Similar conclusions were 
obtained whether the CD56 intensity or the CD16 expres-
sion was used to define NK cell subsets. The ratio of CD56bright 
NK  cells was substantially increased from month 3 to month 
6 after the therapy suggesting that they replenished faster than 
the CD56dim NK  cells. From our phenotype data it is not pos-
sible to draw conclusions about the functional properties of NK 
cell subsets. In an elegant study by Laroni et al., the two subsets 
were sorted from healthy donors and their cytotoxic capacity 
was compared in the presence of inflammatory cytokines (25). 
The authors found that CD56bright NK cells were more cytotoxic, 
and they required pro-inflammatory cytokines to be cytotoxic 
to human autologous CD4 T cells. However, other studies found 
comparable cytotoxicity of CD56bright and CD56dim NK cells toward 

cytotoxicity. We previously identified a decrease in IL-17A in 
culture supernatants of PBMC (activated with anti-CD3, anti-
CD28, and Th17 polarizing factors) at 12 months post-aHSCT 
(40). While it is possible that NK cells transiently boosted Th17 
responses, the longer-term outcome is that Th17 responses, 
whether assessed by flow cytometry or ELISA, were reduced in 
post-aHSCT samples. Further examination of the aHSCT MS 
samples showed a very low level (<1%) of CD58+ NK cells, and 
this value increased slightly by month 15 post therapy. It is not 
clear that this has a biologically significant impact on the patients.

Our observations add to the growing understanding of how 
NK cells regulate T cell responses. NK cells can provide co-stimu-
lation and even antigen presentation that activates T cells (49, 50). 
Upon activation, T cells upregulate NKG2D ligands and are then 
reduced in number through cytotoxic action of NK cells (26–28). 
We did not perform kinetics of expression of MICA, however, a 
previous study showed that T cells only express MICA and related 
ligands after 3  days of activation, leading to their sensitization 
to NK cell-mediated killing (27). This timing is consistent with 
our observations where NK cells were initially costimulatory, and 
then began to kill by necrosis by the third day of the cell culture 
experiment. Thus, there is a brief window of time for NK cells to 
boost Th17  cell responses. In our experiments, the proportion 

FigUre 10 | CD58 expression levels on natural killer (NK) cells before and after aHSCT treatment of multiple sclerosis (MS) patients. Cryopreserved peripheral 
blood mononuclear cell (PBMC) from the aHSCT cohort of MS patients was stained for CD3, CD56, and CD58. Representative plots for CD56 and CD58 are shown 
for baseline (BL) (a) and month 21 [M21; (B)]. A time series of samples from BL until month 24 (M24) is presented (c). For statistical analysis, the time points were 
grouped in M3–M6, M9–M12, M15–M18, and M21–M24, followed by univariate one-way ANOVA with pairwise comparisons with the BL values. N = 7 patients.
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with anti-CD3, anti-CD28, and Th17 polarizing factors with NK cells for 4 days. 
T cell proliferation was determined by CFSE dilution as assessed by flow 
cytometry. Th cell subsets were identified based on cytokine production by 
intracellular flow cytometry. Representative histograms indicating CFSE dilution 
are shown for Th17 (a), Th1/17 (B), and Th1 (c) cells. Non-activated T cells 
(gray filled), activated T cells (thick line), and activated T cells cultured with 
NK cells (thin line) are shown. The average proportion of T cells that have 
undergone division are shown (D). Open bars = T cells, closed bars = T cells 
plus NK cells. N = 7 samples.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nm1651
https://doi.org/10.1002/ana.21748
https://doi.org/10.4049/jimmunol.180.2.850
https://doi.org/10.1016/j.humimm.2016.11.006
https://doi.org/10.3389/fimmu.2016.00402
https://doi.org/10.1111/j.1365-2567.2008.03027.x
https://doi.org/10.3389/fimmu.2016.00262
https://doi.org/10.1002/art.23760
https://doi.org/10.1002/art.23760
https://doi.org/10.1073/pnas.1112188108
https://doi.org/10.1084/jem.186.10.1677
https://doi.org/10.1002/(SICI)1521-4141(199805)28:05 < 1681::AID-IMMU1681 > 3.0.CO;2-T
https://doi.org/10.1002/(SICI)1521-4141(199805)28:05 < 1681::AID-IMMU1681 > 3.0.CO;2-T
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00834/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00834/full#supplementary-material


13

Darlington et al. NK Cells Regulate Th17 Cells

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 834

14. Xu W, Fazekas G, Hara H, Tabira T. Mechanism of natural killer (NK) cell reg-
ulatory role in experimental autoimmune encephalomyelitis. J Neuroimmunol 
(2005) 163:24–30. doi:10.1016/j.jneuroim.2005.02.011 

15. Hao J, Liu R, Piao W, Zhou Q, Vollmer TL, Campagnolo DI, et al. Central ner-
vous system (CNS)-resident natural killer cells suppress Th17 responses and 
CNS autoimmune pathology. J Exp Med (2010) 207:1907–21. doi:10.1084/
jem.20092749 

16. Benczur M, Petranyl GG, Palffy G, Varga M, Talas M, Kotsy B, et al. Dysfunction 
of natural killer cells in multiple sclerosis: a possible pathogenetic factor. Clin 
Exp Immunol (1980) 39:657–62. 

17. Vraneš Z, Poljaković Z, Marušić M. Natural killer cell number and activity 
in multiple sclerosis. J Neurol Sci (1989) 94:115–23. doi:10.1016/0022- 
510X(89)90222-0 

18. Munschauer F, Hartrich L, Stewart C, Jacobs L. Circulating natural killer cells 
but not cytotoxic T lymphocytes are reduced in patients with active relaps-
ing multiple sclerosis and little clinical disability as compared to controls. 
J Neuroimmunol (1995) 62:177–81. doi:10.1016/0165-5728(95)00115-9 

19. Kastrukoff LF, Morgan NG, Zecchini D, White R, Petkau AJ, Satoh J, 
et  al. A role for natural killer cells in the immunopathogenesis of multiple 
sclerosis. J Neuroimmunol (1998) 86:123–33. doi:10.1016/S0165-5728(98) 
00014-9 

20. Takahashi K, Aranami T, Endoh M, Miyake S, Yamamura T. The regulatory 
role of natural killer cells in multiple sclerosis. Brain (2004) 127:1917–27. 
doi:10.1093/brain/awh219 

21. Aranami T, Miyake S, Yamamura T. Differential expression of CD11c by 
peripheral blood NK  cells reflects temporal activity of multiple sclerosis. 
J Immunol (2006) 177:5659–67. doi:10.4049/jimmunol.177.8.5659 

22. Su N, Shi SX, Zhu X, Borazanci A, Shi F, Gan Y. Interleukin-7 expression and its 
effect on natural killer cells in patients with multiple sclerosis. J Neuroimmunol 
(2014) 276:180–6. doi:10.1016/j.jneuroim.2014.08.618 

23. Caruana P, Lemmert K, Ribbons K, Lea R, Lechner-Scott J. Natural killer cell 
subpopulations are associated with MRI activity in a relapsing-remitting mul-
tiple sclerosis patient cohort from Australia. Mult Scler (2016) 23(11):1479–87. 
doi:10.1177/1352458516679267 

24. Gross CC, Schulte-Mecklenbeck A, Runzi A, Kuhlmann T, Posevitz-Fejfar A,  
Schwab N, et al. Impaired NK-mediated regulation of T-cell activity in multi-
ple sclerosis is reconstituted by IL-2 receptor modulation. Proc Natl Acad Sci 
U S A (2016) 113:E2973–82. doi:10.1073/pnas.1524924113 

25. Laroni A, Armentani E, de Rosbo NK, Ivaldi F, Marcenaro E, Sivori S, et al. 
Dysregulation of regulatory CD56 bright NK  cells/T  cells interactions in 
multiple sclerosis. J Autoimmun (2016) 72:8–18. doi:10.1016/j.jaut.2016. 
04.003 

26. Rabinovich BA, Li J, Shannon J, Hurren R, Chalupny J, Cosman D, et  al. 
Activated, but not resting, T  cells can be recognized and killed by synge-
neic NK  cells. J Immunol (2003) 170:3572–6. doi:10.4049/jimmunol.170. 
7.3572 

27. Molinero LL, Domaica CI, Fuertes MB, Girart MV, Rossi LE, Zwirner NW. 
Intracellular expression of MICA in activated CD4 T lymphocytes and pro-
tection from NK cell-mediated MICA-dependent cytotoxicity. Hum Immunol 
(2006) 67:170–82. doi:10.1016/j.humimm.2006.02.010 

28. Cerboni C, Zingoni A, Cippitelli M, Piccoli M, Frati L, Santoni A. Antigen-
activated human T lymphocytes express cell-surface NKG2D ligands via an 
ATM/ATR-dependent mechanism and become susceptible to autologous 
NK-cell lysis. Blood (2007) 110:606–15. doi:10.1182/blood-2006-10-052720 

29. Smeltz RB, Wolf NA, Swanborg RH. Inhibition of autoimmune T cell responses 
in the DA rat by bone marrow-derived NK  cells in  vitro: implications for 
autoimmunity. J Immunol (1999) 163:1390–7. 

30. Bielekova B, Catalfamo M, Reichert-Scrivner S, Packer A, Cerna M, 
Waldmann TA, et  al. Regulatory CD56(bright) natural killer cells mediate 
immunomodulatory effects of IL-2Ralpha-targeted therapy (daclizumab) in 
multiple sclerosis. Proc Natl Acad Sci U S A (2006) 103:5941–6. doi:10.1073/
pnas.0601335103 

31. Gross CC, Ahmetspahic D, Ruck T, Schulte-Mecklenbeck A, Schwarte K, 
Jörgens S, et al. Alemtuzumab treatment alters circulating innate immune cells 
in multiple sclerosis. Neurol Neuroimmunol Neuroinflammation (2016) 3:e289. 
doi:10.1212/NXI.0000000000000289 

32. Smith MD, Calabresi PA, Bhargava P. Dimethyl fumarate treatment alters 
NK  cell function in multiple sclerosis. Eur J Immunol (2017) 48(2):380–3. 
doi:10.1002/eji.201747277 

33. Saraste M, Irjala H, Airas L. Expansion of CD56bright natural killer cells in 
the peripheral blood of multiple sclerosis patients treated with interferon-beta. 
Neurol Sci (2007) 28:121. doi:10.1007/s10072-007-0803-3 

34. Darlington PJ, Podjaski C, Horn KE, Costantino S, Blain M, Saikali P, 
et  al. Innate immune-mediated neuronal injury consequent to loss of 
astrocytes. J Neuropathol Exp Neurol (2008) 67:590–9. doi:10.1097/NEN. 
0b013e3181772cf6 

35. Lagumersindez-Denis N, Wrzos C, Mack M, Winkler A, van der Meer F, 
Reinert MC, et al. Differential contribution of immune effector mechanisms 
to cortical demyelination in multiple sclerosis. Acta Neuropathol (2017) 
134(1):15–34. doi:10.1007/s00401-017-1706-x 

36. Muraro PA, Pasquini M, Atkins HL, Bowen JD, Farge D, Fassas A, et  al. 
Long-term outcomes after autologous hematopoietic stem cell transplan-
tation for multiple sclerosis. JAMA Neurol (2017) 74:459–69. doi:10.1001/
jamaneurol.2016.5867 

37. Lee H, Narayanan S, Brown RA, Chen JT, Atkins HL, Freedman MS, et al. 
Brain atrophy after bone marrow transplantation for treatment of multiple 
sclerosis. Mult Scler (2017) 23:420–31. doi:10.1177/1352458516650992 

38. Lee H, Nakamura K, Narayanan S, Brown R, Chen J, Atkins HL, et al. Impact 
of immunoablation and autologous hematopoietic stem cell transplantation 
on gray and white matter atrophy in multiple sclerosis. Mult Scler (2017). 
doi:10.1177/1352458517715811 

39. Atkins HL, Bowman M, Allan D, Anstee G, Arnold DL, Bar-Or A,  
et al. Immunoablation and autologous haemopoietic stem-cell transplan-
tation for aggressive multiple sclerosis: a multicentre single-group phase 
2 trial. Lancet (2016) 388(10044):576–85. doi:10.1016/S0140-6736(16) 
30169-6 

40. Darlington PJ, Touil T, Doucet JS, Gaucher D, Zeidan J, Gauchat D, et  al. 
Diminished Th17 (not Th1) responses underlie multiple sclerosis disease 
abrogation after hematopoietic stem cell transplantation. Ann Neurol (2013) 
73:341–54. doi:10.1002/ana.23784 

41. Ullah MA, Hill GR, Tey SK. Functional reconstitution of natural killer cells 
in allogeneic hematopoietic stem cell transplantation. Front Immunol (2016) 
7:144. doi:10.3389/fimmu.2016.00144 

42. Karnell FG, Lin D, Motley S, Duhen T, Lim N, Campbell DJ, et al. Reconstitution 
of immune cell populations in multiple sclerosis patients after autologous stem 
cell transplantation. Clin Exp Immunol (2017) 189(3):268–78. doi:10.1111/
cei.12985 

43. Larochelle C, Cayrol R, Kebir H, Alvarez JI, Lecuyer M, Ifergan I, et  al. 
Melanoma cell adhesion molecule identifies encephalitogenic T lymphocytes 
and promotes their recruitment to the central nervous system. Brain (2012) 
135:2906–24. doi:10.1093/brain/aws212 

44. Pittet CL, Newcombe J, Antel JP, Arbour N. The majority of infiltrating 
CD8 T lymphocytes in multiple sclerosis lesions is insensitive to enhanced 
PD-L1 levels on CNS cells. Glia (2011) 59:841–56. doi:10.1002/glia. 
21158 

45. Trivedi PP, Roberts PC, Wolf NA, Swanborg RH. NK cells inhibit T cell pro-
liferation via p21-mediated cell cycle arrest. J Immunol (2005) 174:4590–7. 
doi:10.4049/jimmunol.174.8.4590 

46. Abrahamsson SV, Angelini DF, Dubinsky AN, Morel E, Oh U, Jones JL, et al. 
Non-myeloablative autologous haematopoietic stem cell transplantation 
expands regulatory cells and depletes IL-17 producing mucosal-associated 
invariant T cells in multiple sclerosis. Brain (2013) 136:2888–903. doi:10.1093/
brain/awt182 

47. Muraro PA, Douek DC, Packer A, Chung K, Guenaga FJ, Cassiani-Ingoni R,  
et al. Thymic output generates a new and diverse TCR repertoire after autolo-
gous stem cell transplantation in multiple sclerosis patients. J Exp Med (2005) 
201:805–16. doi:10.1084/jem.20041679 

48. Schuster IS, Wikstrom ME, Brizard G, Coudert JD, Estcourt MJ, Manzur M,  
et  al. TRAIL NK  cells control CD4 T  cell responses during chronic viral 
infection to limit autoimmunity. Immunity (2014) 41:646–56. doi:10.1016/j.
immuni.2014.09.013 

49. Roncarolo MG, Bigler M, Haanen JB, Yssel H, Bacchetta R, de Vries JE, et al. 
Natural killer cell clones can efficiently process and present protein antigens. 
J Immunol (1991) 147:781–7. 

50. Zingoni A, Sornasse T, Cocks BG, Tanaka Y, Santoni A, Lanier LL. Cross-
talk between activated human NK cells and CD4+ T cells via OX40-OX40 
ligand interactions. J Immunol (2004) 173:3716–24. doi:10.4049/jimmunol. 
173.6.3716 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jneuroim.2005.02.011
https://doi.org/10.1084/jem.20092749
https://doi.org/10.1084/jem.20092749
https://doi.org/10.1016/0022-
510X(89)90222-0
https://doi.org/10.1016/0022-
510X(89)90222-0
https://doi.org/10.1016/0165-5728(95)00115-9
https://doi.org/10.1016/S0165-5728(98)
00014-9
https://doi.org/10.1016/S0165-5728(98)
00014-9
https://doi.org/10.1093/brain/awh219
https://doi.org/10.4049/jimmunol.177.8.5659
https://doi.org/10.1016/j.jneuroim.2014.08.618
https://doi.org/10.1177/1352458516679267
https://doi.org/10.1073/pnas.1524924113
https://doi.org/10.1016/j.jaut.2016.
04.003
https://doi.org/10.1016/j.jaut.2016.
04.003
https://doi.org/10.4049/jimmunol.170.
7.3572
https://doi.org/10.4049/jimmunol.170.
7.3572
https://doi.org/10.1016/j.humimm.2006.02.010
https://doi.org/10.1182/blood-2006-10-052720
https://doi.org/10.1073/pnas.0601335103
https://doi.org/10.1073/pnas.0601335103
https://doi.org/10.1212/NXI.0000000000000289
https://doi.org/10.1002/eji.201747277
https://doi.org/10.1007/s10072-007-0803-3
https://doi.org/10.1097/NEN.
0b013e3181772cf6
https://doi.org/10.1097/NEN.
0b013e3181772cf6
https://doi.org/10.1007/s00401-017-1706-x
https://doi.org/10.1001/jamaneurol.2016.5867
https://doi.org/10.1001/jamaneurol.2016.5867
https://doi.org/10.1177/1352458516650992
https://doi.org/10.1177/1352458517715811
https://doi.org/10.1016/S0140-6736(16)
30169-6
https://doi.org/10.1016/S0140-6736(16)
30169-6
https://doi.org/10.1002/ana.23784
https://doi.org/10.3389/fimmu.2016.00144
https://doi.org/10.1111/cei.12985
https://doi.org/10.1111/cei.12985
https://doi.org/10.1093/brain/aws212
https://doi.org/10.1002/glia.
21158
https://doi.org/10.1002/glia.
21158
https://doi.org/10.4049/jimmunol.174.8.4590
https://doi.org/10.1093/brain/awt182
https://doi.org/10.1093/brain/awt182
https://doi.org/10.1084/jem.20041679
https://doi.org/10.1016/j.immuni.2014.09.013
https://doi.org/10.1016/j.immuni.2014.09.013
https://doi.org/10.4049/jimmunol.
173.6.3716
https://doi.org/10.4049/jimmunol.
173.6.3716


14

Darlington et al. NK Cells Regulate Th17 Cells

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 834

51. Nielsen N, Ødum N, Ursø B, Lanier LL, Spee P. Cytotoxicity of CD56bright 
NK  cells towards autologous activated CD4 T  cells is mediated through 
NKG2D, LFA-1 and TRAIL and dampened via CD94/NKG2A. PLoS One 
(2012) 7:e31959. doi:10.1371/journal.pone.0031959 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Darlington, Stopnicki, Touil, Doucet, Fawaz, Roberts, Boivin, 
Arbour, Freedman, Atkins and Bar-Or. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The 
use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner are credited and that the original 
publication in this journal is cited, in accordance with accepted academic prac-
tice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.pone.0031959
https://creativecommons.org/licenses/by/4.0/

	Natural Killer Cells Regulate 
Th17 Cells After Autologous Hematopoietic Stem Cell Transplantation for Relapsing Remitting Multiple Sclerosis
	Introduction
	Materials and Methods
	Collection of aHSCT Blood Samples From MS Patients
	Analysis of aHSCT Blood Samples
	Mechanism of Action of Cytotoxicity Between NK Cells and Th17 Cell in 
Healthy Human Samples
	RNA Extraction and PCR
	Statistics

	Results
	NK Cells Regulate Th Cell Responses After aHSCT in MS
	NK Cells Kill Th17 Cells by 
NKG2D-Mediated Necrosis
	CD58 Expression on NK Cells Contributes to a Transient Increase in IL-17A Production from CD4+ T cells

	Discussion
	Canadian MS/BMT Study Group
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


