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INTRODUCTION

The search for new targets to improve outcomes in patients 
with chronic myeloid leukaemia (CML) is ongoing, with the 
aim of both improving outcomes for those with refractory 
disease and increasing the proportion of those eligible to 
attempt tyrosine kinase inhibitor (TKI) discontinuation.1 
CML is recognised as a particularly immune-sensitive tu-
mour and therapies that can enhance inherent immune sur-
veillance mechanisms are an attractive option, as covered 
in a recent review article.2–4 Recent studies have also shown 
that immune-cell subsets, including natural killer (NK) 
cells and plasmacytoid dendritic cells, play a central role in 
maintenance of treatment-free remission following TKI dis-
continuation, further highlighting this aspect.5–8 Immune-
checkpoint inhibitors have demonstrated efficacy in solid 

tumours and remain under investigation in haematological 
malignancy, with variable results observed.9 In CML, ex-
pression of the Programmed Death-1 (PD-1) inhibitory mol-
ecule on CD4+/CD8+ T cells has been shown to be increased 
in patients at diagnosis with restoration to normal levels in 
deep molecular response, suggesting a role for checkpoint 
molecules in response to treatment.10 We hypothesised that 
expression of other checkpoint molecules including on regu-
latory T cells (Tregs) may also be significant, and play a role 
in resistance to treatment.

M ETHODOLOGY

Samples from patients with WHO-defined diagnosis of 
chronic-phase CML were obtained at diagnosis and at 
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response or resistance to TKI therapy. Peripheral-blood 
mononuclear cells (PBMCs) were isolated from venous blood 
samples using standard Ficoll (Cytiva, Uppsala, Sweden) 
density centrifugation and were cryopreserved in 30% di-
methylsulphoxide (Sigma-Aldrich, St. Louis, MO, USA) and 
fetal calf serum.

Flow cytometric analysis was performed for the expres-
sion of PD-1, cytotoxic T-lymphocyte-associated antigen-4 
(CTLA-4), T-cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3) and lymphocyte activation 
gene 3 (LAG-3) on T effectors and Tregs. T effectors in-
cluded CD4+ and CD8+ subsets and a gating strategy of 
CD4+/CD25+/CD127lo/FOXP3+ cells for Tregs was employed 
(Figure 1Ai,ii). Treg subsets were defined based on expres-
sion of FOXP3 and CD45RA, with FOXP3hi/CD45RA− cells 
denoting effector Tregs, FOXP3lo/CD45RA+ cells denoting 
naive Tregs and FOXP3lo/CD45RA− denoting a non-true 
Treg population (Figure 1Aiii). FMO controls were used to 
determine positive populations for each of the immune-
checkpoint molecules under investigation.

Plasma cytokine levels were evaluated using the 9-Plex 
ProcartaPlex Panel (Thermo Fisher Scientific) in view of 
the role of inflammation in the development and progres-
sion of myeloid malignancy.11 Samples were incubated with 
magnetic capture beads with specific spectral properties, 
prior to streptavidin RPE conjugate and then biotinylated 
detection antibody being added. Data was acquired on the 
Luminex-Flexmap3D.

Data are reported as mean values and p values were from 
independent-sample t-tests, with values <0.05 considered 
statistically significant. The distribution of the data was 
assessed using Levene's test for equality of variance. All re-
ported p values are two-sided.

Analyses were performed using SPSS version 24 (IBM 
Corp.) and Prism v8.

R E SU LTS

Samples from 22 patients were analysed, including sequen-
tial samples in two patients. Analysis included patients at di-
agnosis (n = 8), those with refractory disease, defined as less 
than complete cytogenetic response (CCyR; n = 3), and those 
with a molecular response of MR3 (n = 4) or greater (n = 9). 
The following TKIs were taken by the patients on treat-
ment: imatinib (n = 5), nilotinib (n = 4), dasatinib (n = 5) and 
ponatinib (n = 2). None of the patients with refractory dis-
ease had evidence of ABL1 kinase domain mutation using 
next-generation sequencing analysis or additional chromo-
somal abnormalities on karyotyping. Clinical characteris-
tics are summarised in Table S1.

Patients at diagnosis had higher Tregs as proportion of 
the total CD4+ cells compared to those with low disease 
burden with a mean of 6.3 vs 4.6 (p = 0.041, Figure 1A,B). 
Similarly, effector Tregs, the most functionally suppres-
sive subset, were higher at diagnosis at 10.3 vs 5.5 (p = 0.05, 

F I G U R E  1   Comparison of Treg frequencies, T-cell immune-checkpoint expression and plasma cytokine levels between CML patient groups. (A) 
Regulatory T-cell and effector Treg gating strategy. (i) CD4+CD25+ ➔ (ii) FOXP3+CD127lo ➔ (iii) FOXP3hi/CD45RA− (effector Tregs), FOXP3lo/CD45RA+ 
(naive Tregs), FOXP3lo/CD45RA− (non Treg population). (B) Treg and effector Treg (C) frequency showing higher proportion in patients at diagnosis 
compared to in those with low disease burden. (D) Increased proportion of immune-checkpoint molecules in patients at diagnosis and with refractory 
disease compared to those with low disease burden. (i) Treg PD-1 expression, (ii) CD8+ TIM3 expression and (iii) CD8+ LAG-3 expression. (E) Increased 
levels of pro-inflammatory cytokines observed in patients at diagnosis compared to those with low disease burden. (i) Tumour necrosis factor (TNF)-a, 
(ii) interleukin (IL)-6, (iii) IL-2 and (iv) IL-12p70. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 1A,C). No differences were observed in frequency of 
Tregs between refractory and low-disease-burden groups.

PD-1 expression was higher at diagnosis in CD4+, CD8+ 
cells and Tregs when compared to those with a response 
greater than MR3, with results representing percentage ex-
pression (4.75 vs 2.75, 5.85 vs 2.43 and 5.2 vs 2.58, p = 0.034, 
p  =  0.003 andp  < 0.001 respectively, Figure  1Di). Similarly, 
TIM-3 expression was higher at diagnosis compared to 
those with a response greater than MR3, in CD4+ (6 vs 1.9, 
p  =  0.027) CD8+ (15.71 vs 4.41 p  <0.001, Figure  1Dii) and 
Tregs (5.15 vs 1.88, p = 0.002). LAG-3 expression was higher 
at diagnosis in CD8+ (6.67 vs 1.4, p  =  0.031, Figure  1Diii) 
and Tregs (2.13 vs 0.68, p = 0.031). No significant differences 
were observed in CTLA4 expression between these groups 
although a trend towards significance was observed in Tregs 
(2.36 vs 0.67, p = 0.055).

Despite low sample size, PD-1 expression was also higher 
in patients refractory to TKI treatment compared to those 
with a response greater than MR3, in CD4+ cells at 5.34, 
and in Tregs at 5.6 (p  =  0.031 and p  =  0.004 respectively, 
Figure  1Di). In addition, TIM-3 expression was higher in 
the CD8+ subset from patients with refractory CML at 11.74 
(p = 0.028, Figure 1Dii) while LAG3 showed higher expres-
sion in CD4+ cells at 1.56 vs 0.45 and in CD8+ cells at 8.81 
(p = 0.004 and p < 0.001 respectively, Figure 1Diii). Finally, 
CTLA-4 showed higher expression in CD4+ cells at 1.59 
vs 0.47 and in Tregs at 1.99 vs 0.67 (p = 0.026 and p = 0.04 
respectively).

Cytokine analysis was performed in four patients with 
plasma samples available at diagnosis and compared with 
five patients with a response greater than MR3. Tumour ne-
crosis factor (TNF)-a levels were higher in patients at diag-
nosis with mean levels of 14.5 pg/ml compared to 3.1 in those 
with a response greater than MR3 (p = 0.036, Figure  1Ei). 
Similarly, interleukin (IL)-6 was higher at diagnosis at 
14.6 vs 1.8 pg/ml at a response greater than MR3 (p = 0.027, 
Figure  1Eii). IL-2 was 12.1  pg/ml at diagnosis versus 1.0 
(p = 0.07, Figure 1Eiii), IL-17a was 8.4 vs 1.7 pg/ml (p = 0.07) 
and IL-12p70 was 13.4 vs 2.3 pg/ml (p = 0.06, Figure 1Eiv).

A patient analysed at diagnosis and again after achieving 
MR3 showed significant downregulation of Treg checkpoint 
expression following TKI treatment. Treg PD-1 expression 
decreased from 7.03 to 4.86, TIM-3 decreased from 2.57 to 
0.83 and LAG-3 decreased from 2.23 to 0.16 (Figure 2Ai–iii), 
while CTLA-4 expression remained at a stable level. Another 
patient was analysed whilst in MR3 and following haemato-
logical relapse. In contrast, this patient showed upregulation 
of checkpoint molecules, particularly TIM-3 expression, in-
creasing from 9.2 to 22 in CD4+ and 12.6 to 20.1 in CD8+ 
cells (Figure 2Bi,ii).

DISCUSSSION

Despite progress observed with TKI therapy in CML, a 
significant proportion of patients will have an inadequate 

F I G U R E  2   Longitudinal analysis of T-cell immune-checkpoint expression in paired samples from two CML patients evaluated at different disease 
stages. (A) Increased Treg expression of immune checkpoint-molecules observed in patient at diagnosis (left column) compared with from the same 
patient after achieving MR3 (right column) following dasatinib treatment for 11 months. (i) LAG-3 expression, (ii) TIM-3 expression and (iii) PD-1 
expression. (B) Reduced expression of immune-checkpoint molecules observed in another patient when in MR3 (left column) compared with samples 
from same patient at haematological relapse (right column). (i) CD4+ TIM-3 expression, (ii) CD8+ TIM-3 expression and (iii) Treg CTLA-4 expression. 
[Colour figure can be viewed at wileyonlinelibrary.com]
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response.12–14 We show that immune-checkpoint expression 
on T-cell subsets correlates strongly with leukaemic disease 
burden. T-cell exhaustion is defined by poor effector func-
tion with sustained expression of inhibitory receptors and 
is commonly observed in cancer and chronic infections. 
Functional T-cell exhaustion has been previously suggested 
in CML patients at diagnosis, with reduced capacity for pro-
duction of Th1 cytokines, when compared with patients in 
CCyR.11 Hughes and colleagues noted a decrease in PD1 ex-
pression in CD4+ and CD8+ cells in CML patients respond-
ing to TKI therapy, with significantly higher PD1 expression 
in CD4+ and CD8+ cells at diagnosis and pre-MR3 compared 
with healthy controls, with levels reducing to normal after 
achieving MR4.5.6 Bruck and colleagues also recently re-
ported on checkpoint expression in bone-marrow samples 
from CML patients, showing decreased PD1 expression dur-
ing TKI therapy.10,15,16

We have expanded on these findings to show that a simi-
lar pattern is observed for other important checkpoint mole-
cules, describing increased expression of TIM-3 and LAG-3, 
which is of significance given the recent development of in-
hibitors of these molecules. We demonstrate for the first time 
that increased expression of T-cell exhaustion markers is ob-
served in patients with refractory disease, although our sam-
ple size was small. We have also evaluated the expression of 
checkpoint molecules on Tregs, providing novel insight into 
their immunosuppressive mechanism in CML, with Tregs 
expressing checkpoint molecules including CTLA-4 and 
TIM-3 recognised to exert greatest suppressive activity.17,18

Furthermore, we have found that the frequency of effec-
tor Tregs, the most functionally suppressive subset, is higher 
at diagnosis than with low disease burden. In addition, 
we observed significantly increased plasma levels of pro-
inflammatory cytokines in CML patients at diagnosis, when 
compared with those with low residual disease burden al-
though this may be influenced by other variables.19 Effector 
Tregs, which typically express Fas, are sensitive to myeloid-
derived inflammation and Fas-L-mediated cell death and as 
such switch to a Fas-CD45RA+ phenotype.20 The reduction 
in effector Tregs observed between diagnosis and achiev-
ing low disease burden is associated with a reduction in in-
flammatory cytokines and may be explained by these cells 
switching to a less proliferative state.

There is increasing interest in the role that inflammation 
plays in the progression of myeloid malignancies. It has also 
previously been shown that BCR-ABL1 activity controls IL-6 
gene expression and plays a role in CML development and 
proliferation, with elevated IL-6 levels also predictive of fail-
ure to obtain early molecular response.21,22 Further, in-vitro 
analysis has demonstrated that TNFa can regulate induction 
of PD1 expression in T cells, via activation of NF-κB.23

Finally, we have demonstrated a pro-inflammatory 
state with resultant T-cell exhaustion at diagnosis in CML, 
likely secondary to leukaemia-associated antigenic over-
load associated with increased disease burden. These data 
support the future investigation of checkpoint inhibitors in 
patients with high-risk disease at diagnosis as well as those 

with inadequate response. Analysis of the PD-1 inhibitor 
nivolumab alongside dasatinib did not show meaningful 
clinical activity, although efficacy may have been limited by 
immunosuppressive effects of dasatinib.9,24

Further studies evaluating alternative checkpoint targets 
and TKI combinations in CML are warranted and these 
findings should be validated in a larger cohort.
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