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unstimulated lymphocytes. Degranulation, cytotoxicity and 
conjugate formation with target cells following co-culture 
of CTL with target cell lines or autologous bone marrow-
derived CD34+ cells were quantified by flow cytometry.
Results  CX3CR1 expression was increased in bone mar-
row from high-risk MDS patients compared to healthy 
controls. Expression of CD57 and CX3CR1 was closely 
correlated, identifying a CTL subset with high cytotoxic 
capacity. In vitro, TCR-induced redirected cytotoxicity was 
markedly decreased for high-risk MDS patients compared 
to controls. CTL from MDS patients with the lowest target 
cell cytotoxicity had reduced expression of adhesion mol-
ecules and formed fewer conjugates with target cells.
Discussion  Although phenotypically defined CTL numbers 
were increased in the bone marrow of MDS patients, we 
found that CTL from high-risk MDS patients exhibited a 
lower TCR-induced redirected cytotoxic capacity. Thus, 
decreased T cell cytotoxicity seems related to reduced 
adhesion to target cells and may contribute to impaired 
anti-leukemic immune surveillance in MDS.

Keywords  Myelodysplastic syndromes · Cytotoxic T 
lymphocytes · CD57 · CX3CR1 · Granzyme B · Adhesion
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AML	� Acute myeloid leukemia
BMMC	� Bone marrow mononuclear cell
CTL	� Cytotoxic T lymphocyte
IPSS-R	� International prognostic scoring system revised
K-W	� Kruskal–Wallis test
M-W	� Mann–Whitney U test
MDS	� Myelodysplastic syndromes
PTL	� PanToxiLux substrate
RAEB	� Refractory anemia with excess of blasts
RARS	� Refractory anemia with ring sideroblasts

Abstract 
Introduction  Myelodysplastic syndromes (MDS) are a 
group of clonal bone marrow disorders, with dysplasia, 
cytopenias and increased risk of progression to acute mye-
loid leukemia. A dysregulated immune system precipitates 
MDS, and to gain insights into the relevance of cytotoxic 
T lymphocyte (CTL) in this process, we examined the fre-
quency and function of CX3CR1- and CD57-positive T 
lymphocytes from MDS patients.
Materials and methods  Peripheral blood and/or bone mar-
row samples from 31 MDS patients and 12 healthy controls 
were examined by flow cytometry. Expression of cytotoxic 
granule constituents, immunological co-receptors, adhesion 
molecules and markers of activation were quantified on 
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RCMD	� Refractory anemia with multilineage dysplasia
Treg	� T regulatory cell

Introduction

Myelodysplastic syndromes (MDS) are a group of clonal 
bone marrow disorders, characterized by dysplastic matu-
ration of myeloid progenitor cells in the bone marrow, 
cytopenias of one or more myeloid lineage and high risk 
of transformation to acute myeloid leukemia (AML) [1, 
2]. Several aberrations in the cellular immune system have 
been described in MDS [3–5]. Chronic inflammation dom-
inates low-risk MDS, with increased levels of Th17 cells 
and low/normal levels of T regulatory cells (Tregs) [6, 7]. 
In contrast, myeloid-derived suppressor cells (MDSCs) 
[8] and Tregs [7, 9] are expanded and create an immuno-
suppressive environment in high-risk MDS. Oligoclonal 
expansions of cytotoxic T cells have been reported in MDS 
[10–12], but no clinical or pathophysiological significance 
of these expansions has been determined [12].

Chemokine receptors are important for lymphocyte traf-
ficking in homeostasis and inflammation. We have previ-
ously reported increased levels of T cells expressing the 
chemokine receptor CX3CR1 in peripheral blood from 
MDS patients [13]. CX3CR1 defines a subset of cytotoxic 
lymphocytes with high levels of perforin and granzyme 
B in healthy individuals [14], and CX3CR1-expressing T 
cells, as well as NK cells, exert anti-tumor cytotoxicity in 
several models [15]. CX3CR1 is functionally important 
for migration of cells into areas of inflammation and has 
been shown to be important for recruitment of cytotoxic 
T cells to the bone marrow in immune thrombocytopenia 
[16] and aplastic anemia [17]. CX3CR1+ T cells have been 
described to co-express CD57 [14], and increased numbers 
of CD57+ T cells have been observed in both peripheral 
blood and bone marrow from MDS patients [11, 12, 18]. 
Interestingly, hypomethylating agents used in MDS have 
recently been described to induce cytotoxic T cell immune 
responses in cancer models including MDS and AML 
[19–21].

Here, we have examined the prevalence and function of 
CX3CR1+ and CD57+ lymphocytes in MDS bone mar-
row at diagnosis and during treatment. To investigate the 
cytotoxic potential of T cells from MDS patients, periph-
eral blood lymphocytes were incubated with target cell 
lines or lymphocyte-depleted, autologous bone marrow 
mononuclear cells and assessed for degranulation, produc-
tion of pro-inflammatory cytokines (TNF and IFN-γ), or 
granzyme B-mediated target cell cytotoxicity. In order to 
further elucidate how hypomethylating agents may affect 
CTL immune responses, we investigated the in vivo effects 
of azacytidine treatment on the levels of CX3CR1+ and 

CD57+ T cells in bone marrow and performed a matched 
assessment of degranulation and CD34+BMMC-directed 
cytotoxicity prior to and post-azacytidine treatment.

Materials and methods

Samples and cell lines

The study was approved by the regional ethical commit-
tee (REK Vest), and samples taken after informed consent. 
Reporting is done in compliance with MIATA guidelines 
[22]. Peripheral blood and/or bone marrow samples from 
31 unselected patients (median age 75 (54–91), male/
female ratio 3.4) and 12 healthy volunteers (median age 
41 (33–60), male/female ratio 1.4) were investigated. We 
divided patients in two groups based on IPSS-R, namely 
low risk (very low risk and low risk, N = 19, median age 
78 (59–91), male/female ratio 2.8) and high risk (interme-
diate, high and very high risk, N = 12, median age 73 (54–
83), male/female ratio 5.0). Patients are described in more 
detail in Table 1.

Peripheral blood samples were obtained by venipunc-
ture using EDTA-containing Vacutainer tubes (BD). Bone 
marrow samples were obtained from the iliac crest and col-
lected in 50-ml tubes (BD) with 10 ml RPMI-1640 medium 
with added heparin (5000 IU). Bone marrow and peripheral 
blood mononuclear cells (BMMCs and PBMCs, respec-
tively) were acquired using gradient separation (Lym-
phoprep) following manufacturer’s instructions. Median 
cell yields were 35 × 106 BMMCs from 20 ml bone mar-
row aspirate and 20 × 106 PBMCs from 30 ml peripheral 
blood. BMMCs and PBMCs were cryopreserved in cryovi-
als (Thermo Scientific) with 8 × 106 cells in 1 ml RPMI-
1640 medium with added fetal bovine serum (FBS) and 
10 % DMSO using MR.FROSTY (Thermo Scientific) fol-
lowing the manufacturer’s instructions. The container was 
placed at −80  °C for 24–72  h prior to storage of cryovi-
als in liquid nitrogen for a median of 13  months prior to 
analysis. The mouse mastocytoma cell line P815 (ATCC) 
is validated for assessing lymphocyte cytotoxicity, and the 
addition of CD3/OKT3 antibodies to the assay enables 
testing of CD3-redirected cytotoxic potency [23]. MDS-L 
(gift from Professor Tohyama, Kobe, Japan) is a confirmed, 
blastic MDS cell line derived from MDS92 [24] with com-
mon MDS genetic aberrations (including −7 and +8) [25].

Flow cytometry

These studies were conducted in a laboratory that operates 
under exploratory research principles. Fluorescent reagents 
are listed in Supplementary Table  1. The bone marrow 
screening assays were performed on bone marrow samples 
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thawed and rested overnight in RPMI-1640 medium with 
10  % FBS from a single lot previously qualified for low 
background in flow cytometry assays [13, 26]. Cells were 
thawed, stained, washed and analyzed within 20 h.

Peripheral blood and bone marrow samples were 
thawed, permeabilized, stained and fixed directly for the 
investigation of granule content, co-stimulatory ligands and 
receptors as well as surface markers of activation.

Combined cytotoxicity/degranulation assay was per-
formed in accordance with previously published protocols 
[23]. Cryopreserved peripheral blood mononuclear cells, 
to serve as effectors, were thawed and rested overnight in 
RPMI-1640 medium with 10  % FBS. The following day, 
autologous bone marrow samples were thawed and lym-
phocytes eliminated from the bone marrow sample using 
MACS columns and beads (anti-CD3 and anti-CD56, both 

Table 1   Patients included 
in the study, with patient and 
disease characteristics

a  Age at sampling
b  Year diagnosed with MDS
c  WHO 2008 classification. RARS refractory anemia with ringed sideroblasts, RCMD refractory cytopenia 
with multilineage dysplasia, RAEB-1 refractory anemia with excess blasts-1, RAEB-2 refractory anemia 
with excess blasts-2
d  A anemia, N neutropenia, T thrombocytopenia
e  n/a not acquired
f  A azacytidine follow-up assay, B bone marrow subset analysis, C cytotoxicity assay

Gender Agea Diagnosisb WHO classc Cytopenia(s)d Cytogeneticse Assayf

Very low and low risk (low risk)

M 81 2012 RCMD A, T 46 XY C

M 78 2008 RCMD A, T 46 XY B, C

M 82 2011 RARS A 46 XY B

F 75 2006 RARS A n/a B

M 56 2012 RCMD N, T 47 XY +1 B, C

M 76 2000 RARS A, T 46 XY C

M 69 2007 RARS A 46 XY C

F 86 2012 RCMD A 46 XX C

M 60 2011 RCMD A 46 XY B, C

F 70 2011 RARS A 46 XX B, C

M 91 2012 RCMD A, N, T 46 XY B, C

F 78 2012 RCMD A, N, T 46 XX B, C

M 82 2012 RAEB-1 A 46 XY B, C

M 71 2010 RCMD A 46 XY B, C

F 82 2008 RCMD A, N n/a B

M 80 2008 RARS A n/a B

M 72 2011 RCMD N, T 46XY C

M 85 2009 RCMD A, N 45XY −11 C

Intermediate, high and very high risk (high risk)

M 66 2010 RCMD N 46 XY,t(3;6) (q26;q25) [27] (2011) A, C

M 79 2012 RAEB-2 A 47 XY, +11, +8, −9 C

M 74 2008 RAEB-1 A, T 46 XY B, C

M 75 2012 RAEB-2 A, T 46 XY C

M 83 2013 RAEB-1 A, N, T 46 XY B, C

M 54 2012 RAEB-2 A, N, T 46, XY A, C

M 66 2010 RAEB-2 A, N, T 46 XY A, B, C

M 69 2008 RAEB-1 A, N, T 46,XY,del(12)(p12) [3] /46,XY [17] A, B, C

M 71 2012 RAEB-2 A, N, T 47 XY +8 [10] A, C

M 80 2011 RCMD A, N, T 46 XY B

F 75 2010 RAEB-1 A, N, T 46 XX B

M 66 2012 RAEB-2 A, T 46 XY B

F 72 2012 MDS-AML A, N, T 46 XX B
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Miltenyi Biotech), following manufacturer’s instructions. 
Cells were counted using counting chambers, and a total 
of 3 × 106 cells were placed in 200 µl RPMI1640-medium 
with 10 % FBS in BD-Falcon 96-well U-bottom plates at 
an effector/target ratio of 2:1. Anti-CD3 was only added to 
the P815 well.

For degranulation assay, effector and target cells with 
added BD Golgi plug (Brefeldin A) were co-cultured for 
4  h, subsequently washed, stained with extracellular anti-
bodies and live/dead marker, washed, fixed (BD Fix/perm 
solution), stained with intracellular antibodies (in BD Perm/
Wash solution), washed (BD Perm/Wash) and analyzed on 
flow cytometer. Effectors alone and effectors co-cultured 
with P815 without anti-CD3 were used as internal controls. 
The ability of lymphocytes to form stable conjugates with 
target cells is important for efficient cytotoxicity, and this 
can be measured objectively using flow cytometry [27].

For cytotoxicity assay, target cells were stained with rea-
gents for cell tracing and detection of cells dead prior to 
assay (TFL4 and NFL1, respectively, both from OncoIm-
munin) according to manufacturer’s instructions. Effector 
and target cells were co-cultured for 1  h in media added 
non-fluorescent PanToxiLux substrate (PTL, OncoIm-
munin). PTL is rendered fluorescent in the presence of 
granzyme B and caspase 3 and can thus be used to detect 
cells that have received a ‘lethal hit.’ Background was 
reduced by using NFL1 to gate out cells dead by the start of 
the assay. Also, to correct for spontaneous apoptosis, PTL+ 
target cells in co-culture were corrected for the level of 
PTL+ target cells alone (percentage with effector–percent-
age without effector). For the MDS-L cell line, anti-CD34 
was used to give a good separation of target and effector 
cells. For the bone marrow assays, anti-CD33, anti-CD34 
and anti-CD45 were used in addition to NFL1, TFL4 and 
PTL. CD45+ and CD33+ cells were gated out to reduce 
contamination and false-positive results in the CD34+ 
subset, as CD33+ cells in both bone marrow and periph-
eral blood samples showed high autofluorescence in the 
PTL channel (data not shown). Peripheral blood cells did 
not contaminate the target cell gates (TFL4-gate for P815 
and BMMC assays or CD34-gate for the MDS-L assay, 
data not shown). For two high-risk patients, bone marrow 
CD34− cells frozen down at the day of sampling were used 
as effector cells, because of lacking matched peripheral 
blood samples. Gating strategies are presented in Fig. 1.

Data acquisition

Flow cytometry was performed on BD cytometers, Canto II 
(bone marrow screening) and Fortessa (granule content/co-
stimulatory receptors/degranulation/cytotoxicity) both with 
FACS Diva software (BD biosciences, Franklin Lakes, NJ). 
Instrument setup was performed with CST beads. For the 

combined functional assay, voltages were tweaked to opti-
mize the signal-to-noise ratio and reduce spillover between 
channels (PE/PE-ECD and BrV605/BrV655/BrV705/
BrV785 in particular). Compensation was calculated by 
the FacsDiva software based on single-stained samples and 
beads. Raw data can be provided per request.

Data analysis

Flow cytometry data were analyzed using FlowJo v7.6.5 
(Treestar Inc). Statistical analysis was performed using 
GraphPad Prism v5.02 for Windows (GraphPad Software). 
Nonparametric Mann–Whitney U test (M–W) was used 
comparing two categories: Kruskal–Wallis test (K–W) with 

Fig. 1   Gating strategy. a For the bone marrow CX3CR1 screening 
assay, BMMCs were gated on the lymphocyte subset based on scat-
ter properties, subsequently dead cells were excluded, CD3+ cells 
selected and CD8+, and CD8− cells were gated based on expres-
sion of CD8. Finally, expression of CX3CR1 was assessed for the 
CD3+, CD3+CD8+ and CD3+CD8− subsets. b In the cytotoxicity 
assay, assessment of peripheral blood lymphocyte effectors was per-
formed by primarily gating on lymphocytes based on scatter proper-
ties (right-arrow), and then, unwanted events were excluded using a 
dump channel designed to remove CD19+ (B cells), CD14+ (mono-
cytes) and dead cells. Subsequently, T cells and NK cells were gated 
based on expression of CD3 and CD56, (T cells CD3+ and NK cells 
CD3−CD56+). CD3+ cells were subdivided into CD57+ and CD57− 
cells. Degranulation (CD107a) and production of TNF and IFNγ 
were then assessed from PBLs cultured alone or in the presence of 
target cells (inside black frame). For the T cells, graphs from sam-
ples cultured alone (above dotted line) and in the presence of P815 
target cells with anti-CD3 (below dotted line) are shown. Analysis 
of granule content (granzymes and perforin), co-stimulatory recep-
tors and markers of activation were investigated for the same sub-
sets, but only for unstimulated PBLs. Isotype controls were only used 
for granzyme A, granzyme B and perforin. Investigation of doublet 
formation between target cells and lymphocytes was performed by 
first gating on target cells based on scatter properties (down-arrow), 
then doublets were selected (high FSC-A/FSC-H), and conju-
gates were defined based on the expression of lymphocyte markers 
(CD3+, CD4+, CD8+ and CD3+CD57+). c In the cytotoxicity assay, 
P815 target cell cytotoxicity was assessed by first gating on the tar-
get cells based on scatter properties; subsequently, the target cells 
were selected based on the target cell tracer dye TFL4 (in the APC 
channel) at the same time gating away cells dead prior to co-culture 
(NFL1 detected in the Pacific Orange channel), before target cell 
cytotoxicity was assessed by PanToxiLux fluorescence (converted 
by granzyme B/caspase-3 present in the target cell from a non-flu-
orescent substrate into a fluorescent product detectable in the FITC 
channel). Target cell cytotoxicity; d MDS-L target cells were ini-
tially gated out based on light scatter properties; subsequently, CD34 
was used to identify the cells and at the same time gating away cells 
dead prior to initiation of the co-culture (NFL1). CD34 was chosen 
to identify the target cells as staining by the target cell tracer TFL4 
was poor (data not shown). Finally, the MDS-L-directed cytotoxicity 
was investigated using PanToxiLux, as described for (c). e BMMC 
CD34+ target cells were gated out as the other target cells based on 
light scatter properties, TFL4/NFL1, and subsequently cells positive 
for CD45 and CD33 were gated away (selection of double-negative 
cells), penultimately CD34+ cells were selected and finally cytotoxic-
ity assessed by PanToxiLux fluorescence as previously described

▸
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Dunn’s posttest was used when comparing three categories 
and Wilcoxon signed-ranks test for paired samples. Corre-
lation was assessed with Spearman’s correlation. p values 
below 0.05 were considered significant.

Results

Increased frequencies of CX3CR1+ T cells in the bone 
marrow of high‑risk MDS patients compared to healthy 
donors

Our previous study revealed increased levels of CX3CR1+ 
T cells in the peripheral blood of MDS patients compared 
to healthy controls. Therefore, we hypothesized that cyto-
toxic CX3CR1+ lymphocytes may respond to and attempt 
to eradicate MDS clonal cells in MDS bone marrow. To 
evaluate the frequency of CX3CR1-expressing T cell sub-
sets in MDS bone marrow, cryopreserved bone marrow 
aspirates from thirteen low-risk and nine high-risk MDS 
patients and five healthy controls were thawed, rested over-
night and investigated for T cell expression of CX3CR1 
by flow cytometry (Fig.  2a). Increased percentages of 
CX3CR1+ lymphocytes were observed in CD3, CD4+ and 
CD8+ lymphocyte subsets in bone marrow from high-risk 
MDS patients compared to healthy controls (Kruskal–Wal-
lis with Dunn’s posttest, N =  25, p  <  0.01, p  <  0.05 and 
p < 0.05, respectively).

Co‑expression of CX3CR1 and CD57 defines T cells 
with strong cytotoxic potential

Co-culture of P815 cells and PBMCs was performed in 
order to investigate the functional properties of CX3CR1+ 
T cells. However, pilot assays revealed markedly dimin-
ished CX3CR1 staining intensity for T cells in co-culture 
with the P815 target cell line with anti-CD3 (data not 
shown), making CX3CR1 an unsuited subset marker in this 
functional setting. CX3CR1 and CD57 have both been used 
to define cytotoxic T cell subsets, and CD57 has previously 
been used successfully in similar functional assays. To 
determine whether CD57 could replace CX3CR1 for defi-
nition of this specific T cell subset, we examined expression 
of both surface markers and found that the expression was 
very closely correlated on CD3+ T cells from both healthy 
controls and MDS patients (Spearman, N = 28, r = 0.9561 
(0.9041–0.9802), p < 0.0001). The same was confirmed by 
co-expression analysis; CD3+CD57+ and CD3+CX3CR1+ 

Fig. 2   Frequencies of CX3CR1+ T cells in MDS bone marrow, and 
correlation of CX3CR1 and CD57 on T cells from MDS patients 
and healthy controls. a Levels of CX3CR1+ T cell subsets in cryo-
preserved bone marrow samples. Controls, low-risk and high-risk 
MDS patients represented as white, gray and black circles, respec-
tively. Bars represent median values. Comparisons based on Kruskal–
Wallis with Dunn’s posttest. b Spearman correlation (r  =  0.9561, 
p  <  0.0001, top left panel) and co-expression (top right panel, bar 
at median and whisker at interquartile range) of CX3CR1 and CD57 
expression on CD3+ T cells peripheral blood from MDS patients 
and healthy controls. c Degranulation (as shown by CD107a expres-
sion) and cytokine production (TNF and IFN-γ) were assessed for 
CD3+CD57− and CD3+CD57+ subsets when co-cultured with P815 
cells with added anti-CD3. Bars represent median and interquar-
tile range (N = 28, Wilcoxon signed ranks) (*p < 0.05, **p < 0.01, 
***p < 0.001)
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cells showed median positivity for CX3CR1 or CD57 of 
85  % or 76  %, respectively, with scatter plots showing a 
predominant double-positive population (Fig.  2b). Thus, 
CX3CR1 and CD57 are co-expressed, and CD57 was there-
fore used to identify this subset in further functional assays. 
As previously described, the CD3+CD57+ cells demon-
strated significantly higher degranulation and production 
of pro-inflammatory cytokines when co-cultured with P815 
cells with anti-CD3 compared to their CD57− counter-
parts, showing that this subset is of particular interest when 
performing functional assays (Fig.  2c, Wilcoxon signed 
ranks, N = 28, CD107a, TNF and IFN-γ, all p < 0.0001). 
Of note, age was not correlated with peripheral blood lev-
els of CD3+CD57+ or CD3+CX3CR1+ cells in our sample 
cohort, neither when all samples were investigated together 
(Spearman, N  =  28, r  =  0.1380 (−0.2665–0.5012), 
p = 0.4923 and r = 0.1778 (−0.2282–0.5311), p = 0.3750, 
respectively), nor when MDS patients and controls were 
investigated separately (data not shown).

CTL from MDS patients displays reduced cytotoxicity 
and forms fewer conjugates with target cells

To evaluate the in vitro cytotoxic potential of the CTL, we 
performed an assay for detection of overt target cell cyto-
toxicity as measured by the indirect detection of granzyme 
B and activated caspase-3 inside target cells. Samples from 
eleven low-risk, eight high-risk and eight healthy controls 
were used, and the results are presented in Fig. 3a. In this 
short-term co-culture, we found that CTLs from MDS 
patients were less potent in delivering ‘lethal hits’ directed 
at P815 cells with anti-CD3 compared to healthy con-
trols (M–W, N =  27, p =  0.0062) and this was sustained 
for high-risk but not low-risk MDS patients when com-
pared to healthy controls (K–W with Dunn’s test, N = 27, 
p < 0.05). Based on light scatter properties (high SSC-H/
SSC-A), approximately 1  % of target P815 cells were 
found as doublets. The percentages of doublets formed 
between target P815 cells and CD3+, CD4+ and CD8+, 

Fig. 3   Analysis of TCR-induced redirected cytotoxicity and 
CD3+CD57+ T cell characteristics. Peripheral blood lymphocytes 
and P815 target cells with added anti-CD3 were co-cultured for 4 h, 
and target cell cytotoxicity was measured indirectly by flow cytom-
etry using the PanToxiLux assay (OncoImmunin) for the assessment 
of intracellular granzyme B and caspase 3 activation in target cells. 
a Scatter plot showing P815 cytotoxicity following co-culture with 
PBMCs from healthy controls, low- and high-risk MDS patients 
(white, gray and black circles, respectively) (Kruskal–Wallis with 
Dunn’s posttest, N = 27, p < 0.05). b Scatter plot showing doublets 
of P815 cells and CD3+ cells as a percentage of all P815 cells follow-
ing co-culture with PBMCs from healthy controls, low- and high-risk 

MDS patients (white, gray and black circles, respectively). (Kruskal–
Wallis with Dunn’s post test. N = 27 *p < 0.05, **p < 0.01). c Effec-
tor cell degranulation and cytokine production by CD3+CD57+ 
T cells were measured in parallel co-cultures. Unstimulated 
CD3+CD57+ T cells were investigated for cytotoxic granule con-
tent (granzyme A, granzyme B and perforin), co-stimulatory recep-
tors (DNAM-1, NKG2D and 2B4), co-inhibitory receptors (PD-1 and 
TIM3), adhesion molecules (CD11a, CD18 and ICAM) and extracel-
lular markers of activation (HLA-DR, CD38, and CD45RA). Bars 
represent median and interquartile range (K–W with Dunn’s posttest, 
N = 24, *p < 0.05)
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but not CD3+CD57+ cell subsets, in the assay were signifi-
cantly lower in MDS patients, compared to healthy controls 
(Fig. 3b, M–W, N = 27, p = 0.003, p = 0.002, p = 0.018 
and p =  0.102). This was also true for CD3+, CD4+ and 
CD8+ for high-risk patients and CD4+ for low-risk patients 
when investigated separately (K–W, N  =  27, p  <  0.01, 
p < 0.01, p < 0.05 and p < 0.05, respectively).

In order to further investigate potential causes of the 
observed reduced cytotoxic potency of CTL from high-risk 
MDS patients, we examined individual factors involved in 
the granzyme B cytotoxic pathway and other markers of 
CTL activation and function. The assay was performed in 
parallel with the in vitro cytotoxicity assay. All investigated 
PBMC samples showed cytokine production and degranu-
lation of T cells when co-cultured with P815 cells added 
anti-CD3. Degranulation (CD107a) and TNF and IFN-γ 
production by CD3+CD57+ CTLs were similar when com-
paring patients and controls (Fig. 3b).

Untreated PBMCs from patients and controls were 
investigated for granule content, expression of co-stim-
ulatory/inhibitory receptors, adhesion molecules and sur-
face markers of activation in separate assays (Fig.  3b). 
No statistically significant differences were observed 
when comparing levels of granzyme A, granzyme B 
and perforin in CD3+CD57+ CTL from low- and high-
risk MDS patients and healthy controls. Of the co-
stimulatory receptors, the level of DNAM-1+ CTLs dif-
fered significantly between the groups and was lower in 
high-risk MDS patients compared to healthy controls 
(K–W with Dunn’s posttest, N = 24, p < 0.05). Levels of 
NKG2D+ and 2B4+ cells were not significantly different 
in these groups. Expression of the co-inhibitory receptor 
PD-1 was found to be increased on T cells from MDS 
patients compared to healthy controls for CD3+, CD4+ 
and CD8+ lymphocyte subsets, but not significantly for 
CD3+CD57+cells (M–W, N =  20, p =  0.04, p =  0.04, 

p =  0.03 and p =  0.30) (Fig.  3c). Expression of TIM3 
and the adhesion molecules CD11a, CD18 and ICAM 
were all similar in healthy controls and MDS patients. 
With regard to markers of activation levels of HLA-DR+, 
CD38+, CD69+ and CD45RA+ T cells varied between 
the subsets, but the differences were not statistically sig-
nificant (K–W with Dunn’s posttest, N =  24, p =  0.05, 
p =  0.08, p =  0.05 and p =  0.78, respectively). Thus, 
CD57+ T cells from MDS patients differed from healthy 
controls by lower expression of the co-stimulatory recep-
tor DNAM-1 in high-risk patients.

P815-directed cytotoxicity varied greatly in these MDS 
patients (range 3.1–39.5  %). Nine patients had a P815-
directed cytotoxicity below the lower 2.5  % confidence 
interval (11.9  %), based on healthy controls. These nine 
patients are referred to as the ‘low cytotoxicity’ group 
and consisted of one RARS, three RCMD, two RAEB-1 
and three RAEB-2 patients. When comparing MDS 
patients in the ‘low cytotoxicity’ group with the remain-
ing MDS patients (the ‘normal cytotoxicity’ group), we 
observed significantly reduced cytotoxicity (M–W, N = 21, 
p < 0.001), fewer conjugates between target P815-cells and 
CD3+CD57+cells (M–W, N = 21, p = 0.015), and reduced 
expression of CD11a, CD18 and ICAM on CD57+ T cells 
(M–W, N  =  20, p  =  0.018, p  =  0.010 and p  =  0.010, 
respectively).

NK cells degranulate and produce cytokines 
without mediating target cell cytotoxicity 
when co‑cultured with the MDS‑L cell line

We wanted to investigate whether the CTL was able to elicit 
an allogeneic immune response in 4-h co-cultures with the 
human MDS-L cell line. We found that co-culture induced 
degranulation and cytokine production by NK cells, but 
not T cells (data not shown). Target MDS-L and NK cell 

Fig. 4   Reactivity of PBLs toward autologous lymphocyte-depleted 
bone marrow. a Comparison of degranulation and cytokine produc-
tion of CD57− and CD57+ T cells as well as NK cells following co-
culture of PBMCs with autologous lymphocyte-depleted BMMCs. 
b Degranulation and production of TNF and IFNγ by CD57+ T 
cells from low-risk and high-risk MDS patients (gray and black 
bars, respectively). Bars represent median and interquartile range. c 

CD34+ BMMC-directed cytotoxicity was measured in co-culture of 
PBMCs and autologous lymphocyte-depleted BMMCs using the Pan-
ToxiLux assay (intracellular granzyme B and caspase 3 activation). 
No significant difference was observed when comparing PanToxiLux 
levels in CD34+ cells from low- and high-risk MDS patients (N = 11, 
M–W) (*p < 0.05, **p < 0.01, ***p < 0.001)
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conjugation were significantly lower than T lymphocyte 
and P815 cell conjugation (M–W, N =  28, p  <  0.0001). 
MDS-L-directed cytotoxicity was generally low (median 
0.8 %, range 0–5 %), and there was no difference between 
controls and MDS patients (data not shown).

Unstimulated NK cells had significantly reduced levels of 
preformed perforin, granzyme A and surface expression of 
activating receptor DNAM-1 in high-risk patients compared 
to controls (K–W with Dunn’s posttest, N = 27, p < 0.001, 
p < 0.01 and N = 24, p < 0.01, respectively). Levels of 2B4 
were reduced in both low- and high-risk MDS patients com-
pared to healthy controls (both p < 0.05).

Cytotoxic T cells but not NK cells from MDS patients 
respond to autologous bone marrow cells

For six low-risk and four high-risk MDS patients matched 
samples of patient PBMCs and lymphocyte-depleted bone 
marrow cells were used to assess whether, and to what 
extent, cytotoxic lymphocytes recognize autologous bone 
marrow cells as targets (Fig.  4a). Our results revealed 
responses dominated by CD57+ T cells, with increased 
degranulation and production of TNF and IFN-γ compared 
to the CD57− T cell counterparts and NK cells (K–W with 
Dunn’s posttest, N =  10, all p  <  0.01 and all p  <  0.001, 
respectively). CD57− T cells also displayed increased 
cytokine production compared to NK cells (TNF p < 0.01 
and IFN p < 0.05), but no statistical difference in degranu-
lation was observed between these two subsets. Further, no 
significant differences in degranulation and cytokine pro-
duction were observed when comparing low- and high-risk 
patients (data not shown).

CD34+ BMMC-directed cytotoxicity was examined in 
parallel with the evaluation of degranulation and cytokine 
production, and granzyme B activity was observed in 
0–13.9 % of CD34+CD33− cells (Fig.  4b). There was no 
significant difference in target cell cytotoxicity between 
low- and high-risk patients. The results taken together 
imply a T cell response dominated by CD57+ cells and a 
negligible response by NK cells. Despite significant levels 
of degranulation, the autologous CD34+ BMMC-directed 
cytotoxicity was generally low (Fig. 4c).

CTLs collected prior to treatment seem to display 
altered auto‑reactivity when co‑cultured 
with autologous bone marrow following demethylating 
therapy

Azacytidine therapy is routinely used in high-risk MDS 
patients. Increasing evidence points toward immunomod-
ulating properties as a mechanism of action of this hypo-
methylating agent [28–31]. In the Nordic countries, aza-
cytidine is administered on five consecutive days with a 

standard daily dose of 100 mg/m2 surface body area. The 
main effects of azacytidine occur after weeks and months, 
and multiple cycles of treatment are given if treatment is 
tolerated. Five of the patients included in the study were 
treated with azacytidine (in line with standard practice), 
and for these patients, bone marrow samples were collected 
prior to, as well as 3–6 months after initiation of treatment.

Bone marrow samples from these three time points 
were investigated for CD57 expression on T lymphocytes. 
Further, PBMCs collected prior to treatment were co-
cultured with bone marrow samples from the same time 
points. Degranulation, cytokine production and CD34+ 
BMMC target cell cytotoxicity were assessed. Levels of 
CD3+CD57+cells (and CD3+CX3CR1+ cells, data not 
shown) in bone marrow samples were relatively stable fol-
lowing treatment with azacytidine (Fig.  5a). Degranula-
tion of CD3+CD57+ T cells co-cultured with autologous 
lymphocyte-depleted bone marrow samples increased from 
baseline after initiation of azacytidine for three patients 
(square, up- and down-facing triangles). The two remain-
ing patients (circle and diamond) showed high baseline 
degranulation, but falling levels after initiation of therapy 
(Fig.  5b). Production of TNF and IFN-γ followed the 
level of degranulation closely (data not shown). Levels of 
CD3+CD57+PD1+ cells increased from baseline for three 
patients (square, circle and diamond, the latter temporar-
ily), while one showed a decrease from baseline (down-
facing triangle). There was insufficient sample material 
to assess PD-1 expression for the last patient (Figure 5c). 
The two patients with high baseline degranulation showed 
6–11  % CD34+ cytotoxicity, while negligible cytotoxic-
ity (<1 %) was observed in two patients with low baseline 
degranulation (Fig. 5d). CD34+ BMMC cytotoxicity could 
not be assessed for the fifth patient. Expression of the co-
stimulatory receptors DNAM-1, NKG2D and 2B4 on bone 
marrow-derived lymphocytes did not change when fol-
lowed over time, and CD34+ BMMCs were negative for 
the corresponding ligands (CD112, MIC A/B and CD48, 
respectively) in the serial samples (data not shown).

Thus, frequencies of cytotoxic CD57+ and CX3CR1+ 
T cells in BM appear stable when patients are treated with 
azacytidine. Peripheral blood CTL respond when co-cul-
tured with lymphocyte-depleted bone marrow and degran-
ulation of these CTL might increase following treatment 
with this drug.

Discussion

Aberrances in T cell immunology have been described in 
MDS, particularly with respect to T-helper and Treg sub-
sets. We here describe distribution and function of CTL in 
peripheral blood and bone marrow of low-risk and high-risk 
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MDS patients. Expansions of cytotoxic effector CD57+ T 
cells have previously been described in the bone marrow 
of MDS patients [11]. Corroborating these findings and 
our previous observations of increased levels of CX3CR1+ 
T cells in peripheral blood from high-risk MDS patients 
[13], we also find elevated levels of CX3CR1+ T cells in 
bone marrow of these patients. Remarkably, CTL derived 
from high-risk MDS patients exerted reduced cytotoxicity 
toward the P815 target cell line. On closer examination of 
CTL, no clear cause for the low cytotoxic potency could 
be identified by our battery of assays when MDS patients 
were investigated as one group, or by dividing the patients 
in two groups based on IPSS-R. However, when we inves-
tigated the MDS patients with the lowest target cell cyto-
toxicity, we found that CTL from these patients had sig-
nificantly lower levels of CD11a, CD18 and ICAM, and 

formed fewer conjugates with the target cells compared to 
CTL from MDS patients with ‘normal’ cytotoxicity. Taken 
together, this suggests that defective adhesion to target cells 
as a result of reduced expression of one or more adhesion 
molecule(s) causes reduced P815 redirected cytotoxicity, in 
line with previous observations [32, 33]. Defective orienta-
tion of the cytotoxic synapse toward target cells could also 
cause reduced cytotoxic potency [34, 35], but has not been 
investigated in our study.

There are conflicting results in the literature regarding 
CTL inhibition of MDS BMMC colony formation. Zheng 
et  al. [36] reported that CD57+ T cells inhibited BMMC 
colony formation in  vitro, while Meers et  al. [12] found 
no correlation between CD3+CD57+ numbers and colo-
nies formed. Our observation of reduced CTL cytotoxic 
potency in high-risk MDS could shed some light on this 

Fig. 5   Levels of bone marrow CD57+ T cells, CD57+ T cell degran-
ulation and CD34+ BMMC-directed cytotoxicity following initiation 
of hypomethylating therapy. Assay of serial bone marrow samples 
taken prior to and following initiation of azacytidine therapy (samples 
2 and 3 taken approximately 3–6 months after initiation of treatment). 
a Frequency of CD57+ T cells in bone marrow samples from the 
three time points. b Degranulation of CD57+ peripheral blood T cells 
collected prior to treatment with azacytidine when co-cultured with 
autologous T and NK cell-depleted BMMC samples from the given 

time points. c Expression of PD-1 on CD57+ T cells from bone mar-
row samples collected prior to and following treatment with azacy-
tidine. d CD34+ BMMC-directed cytotoxicity using the PanToxiLux 
assay (granzyme B and caspase-3 activation) for co-cultures PBMCs 
collected prior to azacytidine treatment with autologous lymphocyte-
depleted BMMCs from the given time points. Symbols used (dia-
mond, square, circle, up- and down-facing triangles) correspond to 
individual patients in figures a–c
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controversy; Zheng et al. only included patients from low 
and intermediate-1 IPSS, where CTL is more likely to exert 
normal cytotoxicity, while Meers et  al. included patients 
with excess of blasts where reduced CTL cytotoxic capac-
ity could have confounded the analysis.

Co-culture with autologous bone marrow showed T cell 
auto-reactivity and cytokine production. The allogeneic 
response by NK cells toward MDS-L might be a result of 
down-regulation of MHC-I molecules or increased expres-
sion of killer immunoglobulin receptor (KIR) ligands, or 
other factors not assessed, for this severely mutated cell 
line [25]. In line with previous studies, NK cells from high-
risk patients were found to contain lower levels of gran-
zymes and perforin, as well as reduced surface expression 
of DNAM-1 [37, 38]. Reduced DNAM-1 expression on NK 
cells parallels our findings of reduced DNAM-1 expres-
sion also on CD3+CD57+ cells. Thus, a common factor 
may regulate DNAM-1 expression on cytotoxic lympho-
cytes. This is of clinical interest as DNAM-1 has previously 
been shown to be the main contributor in NK cell-mediated 
blast-directed cytotoxicity in MDS [38]. Combined evi-
dence suggests reduced cytotoxic efficacy in both T and 
NK cells from subgroups of MDS patients, and the effect is 
greatest in high-risk patients and/or with increasing blasts 
[37, 38].

An immunosuppressive environment is a plausible cause 
for the reduced cytotoxic capacity of lymphocytes from 
high-risk MDS patients, but the exact mechanism remains 
unclear. Tregs [39, 40], MDSCs [26, 41] and leukemic 
blasts [42, 43] have all been suggested as important con-
tributors. Regardless of the cause of the reduced cytotoxic 
potential of lymphocytes in high-risk MDS, there could 
be a therapeutic benefit in increasing it. Importantly, aza-
cytidine, a constituent of the standard treatment for high-
risk MDS patients, exhibits immunomodulating properties. 
Azacytidine has been found to both induce expression of 
tumor-associated antigens [19] and reduce Treg numbers 
and suppressive function [30]. However, azacytidine has 
also been found to increase the expression of immune 
checkpoint molecules PD-1 and PD-L1 [44, 45]. In the pre-
sent cohort, MDS patients had higher levels of PD-1+ cells 
in the CD3+, CD4+ and CD8+ subsets, particularly for the 
high-risk patients. Our follow-up samples of azacytidine-
treated patients did not show a uniform alteration in PD-1, 
although three of four patients had an increase from low 
levels (of these, one temporarily) and one decreased from a 
high baseline. Thus, azacytidine and PD-1-inhibition might 
be an interesting combination in future MDS clinical trials, 
and evaluation of baseline PD-1 expression could then be 
of particular interest, as suggested by Orskov et al. [45].

To conclude, our study indicates that frequencies of 
cytotoxic CX3CR1+ and CD57+ T cells are increased in 
MDS bone marrow, but these cells have reduced cytotoxic 

potential in high-risk MDS; reduced adhesion to target cells 
seems to be the main functional defect causing reduced 
cytotoxicity in our model.
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